Modeling Transport of Non Aqueous Wastes in Unsaturated Soils. by Doshi, Dharmesh Vinaychandra
Louisiana State University
LSU Digital Commons
LSU Historical Dissertations and Theses Graduate School
1994
Modeling Transport of Non Aqueous Wastes in
Unsaturated Soils.
Dharmesh Vinaychandra Doshi
Louisiana State University and Agricultural & Mechanical College
Follow this and additional works at: https://digitalcommons.lsu.edu/gradschool_disstheses
This Dissertation is brought to you for free and open access by the Graduate School at LSU Digital Commons. It has been accepted for inclusion in
LSU Historical Dissertations and Theses by an authorized administrator of LSU Digital Commons. For more information, please contact
gradetd@lsu.edu.
Recommended Citation
Doshi, Dharmesh Vinaychandra, "Modeling Transport of Non Aqueous Wastes in Unsaturated Soils." (1994). LSU Historical
Dissertations and Theses. 5693.
https://digitalcommons.lsu.edu/gradschool_disstheses/5693
INFORMATION TO USERS
This manuscript has been reproduced from the microfilm master. UMI 
films the text directly from the original or copy submitted. Thus, some 
thesis and dissertation copies are in typewriter face, while others may 
be from any type of computer printer.
The quality of this reproduction is dependent upon the quality of the 
copy submitted. Broken or indistinct print, colored or poor quality 
illustrations and photographs, print bleedthrough, substandard margins, 
and improper alignment can adversely affect reproduction.
In the unlikely event that the author did not send UMI a complete 
manuscript and there are missing pages, these will be noted. Also, if 
unauthorized copyright material had to be removed, a note will indicate 
the deletion.
Oversize materials (e.g., maps, drawings, charts) are reproduced by 
sectioning the original, beginning at the upper left-hand corner and 
continuing from left to right in equal sections with small overlaps. Each 
original is also photographed in one exposure and is included in 
reduced form at the back of the book.
Photographs included in the original manuscript have been reproduced 
xerographically in this copy. Higher quality 6" x 9" black and white 
photographic prints are available for any photographs or illustrations 
appearing in this copy for an additional charge. Contact UMI directly 
to order.
University M icrofilm s International 
A Bell & Howell Information Com pany 
300 North Zeeb Road. Ann Arbor, Ml 48106-1346 USA 
313/761-4700 800/521-0600

Order N um ber 9425222
M odeling transport o f non aqueous w astes in unsaturated  soils
Doshi, D harm esh V inaychandra, Ph.D .
The Louisiana State University and Agricultural and Mechanical Col., 1994
U M I
300 N. ZeebRd.
Ann Arbor, MI 48106

M ODELING TRANSPORT OF NON AQUEOUS WASTES 
IN  UNSATURATED SOILS
A Dissertation
Submitted to the Graduate Faculty o f the 
Louisiana State University and 
Agricultural and Mechanical College 
in partial fulfillment o f the 
requirements for the degree of 
Doctor o f Philosophy
in
The Department o f Chemical Engineering
by
Dharmesh Vinaychandra Doshi 
B .Tech., Indian Institute o f Technology, Bombay, 1984 
M .S ., Louisiana State University, 1987 
May, 1994
ACKNOWLEDGEMENTS
I express my deepest gratitude to my advisor Dr. Danny Reible for his continuous 
support, creative ideas and direction through the development of this research work.
I thank Dr. Dipak Roy, Dr. Louis Thibodeaux, Dr. Frank Groves, Jr., Dr. 
Arthur Sterling and Dr. Jeffrey Nunn for sparing their valuable time to be on the 
examining committee of this work.
I am indebted to the Chemical Engineering Department for the Graduate 
Assistantship provided during this research. I would also like to thank Dr. Danny Reible 
and Dr. Dipak Roy for providing assistantships towards the completion of this 
dissertation work.
I thank James Smith and Bryan Butts for their help with the experimental work.
I would like to thank all of my friends for their moral support and encouragement 
through rough and frustrating times, especially Tarak, Utpal, Pradeep, Rhee and Chaffi.
I acknowledge my fiancee, Vipula, whose love, patience and courage gave me the 
strength to complete the work successfully, without which completion of this work would 
have been impossible.
Finally, I am indebted to my parents, Vinubhai and Jayaben, who have always 
given the best. I also thank them for their many years of financial and emotional 
support. They are responsible for the foundation of my education.
TABLE OF CONTENTS
ACKNOWLEDGEMENTS .............................    ii
LIST OF TABLES ................................................................................................................... vi
LIST OF F IG U R E S ......................................................................................................................vii
ABSTRACT .....................................................................................................................................x
Chapter 1 IN T R O D U C T IO N ...........................................................................   1
1.1 Scope o f the R esea rc h ..........................................................................................  4
1.2 Objectives . . .  ................................................................................................  4
1.3 Overview o f the Presentation ........................................................................... 5
Chapter 2 LITERATURE R E V IE W ............................................................................... 7
2.1 In f il tra tio n   .............................................................................................  8
2 .1 .1  Heterogeneous M edia ..................................................................... 12
2.2  Parameters Affecting the In f i l t r a t io n ...........................................................  13
2 .2 .1  NAPL P ro p e r t ie s .............................................................................. 13
2 .2 .2  Soil C harac teris tics ........................................................................... 14
2 .2 .3  Subsurface C o n d itio n s ....................................................................  14
2 .3  Sharp Front NAPL In filtra tion .............................................................................. 15
Chapter 3 EXPERIM ENTAL PROCEDURES AND R E S U L T S .......................  17
3.1 Design o f the E x p e rim e n ts .............................................................................. 18
3 .1 .1  Description of the E qu ipm en t........................................................  19
3 .1 .2  Measurement o f Residual Saturations and Capillary
Rises of ATF in S o i l s ....................................................................  22
3 .1 .3  General Procedure ........................................................................... 24
3 .2  Experimental Results - Unsaturated Z o n e ..................................................  28
3.2.1 Homogeneous Medium: Horizontal W ater Table Experiment 29
3.2.1.1 Layered Medium ...........................................................  32
3.2.1.2 Heterogeneous Medium with Lenses and Layers . . 34
3.3  Experimental Results - Interaction with the Saturated Zone ................ 37
3.3.1 Sloping W ater Table E xperim en t..................................................  37
3 .4  Summary ..............................................  39
Chapter 4 M ODELLING MIGRATION OF IM MISCIBLE CONTAMINANTS IN
TH E UNSATURATED ZONE (2-D F L O W )...................................... 44
4.1 CVBEM  M o d e lin g .............................................................................................  47
4 .2  BEM  Modeling ................................................................................................  49
4 .2 .1  Two-Dimensional Geometry ........................................................  52
4 .2 .2  Axi-Symmetric G e o m e try ............................................................  54
4.3  Influence o f Oil Saturation on the Relative P e rm e a b ili ty ........................ 56
4.3.1 Homogeneous Medium .....................................   57
4.3.1.1 Equation D e v e lo p m e n t.................................................. 57
4 .3 .2  Semi-implicit Method ....................................................................  59
4.3.3 Adaptive Grid S c h e m e ....................................................................  61
4.3.3.1 Program Im plem en tation ............................................... 63
4.3 .4  Numerical Simulation ....................................................................  64
4.3.5 Layered M e d iu m .............................................................................. 69
4.3.5.1 BEM Equation Development for M ultiple Zone . . 69
4 .3 .6  Program Implementation ..............................................................  73
4 .3 .7  Numerical Simulation ....................................................................  73
4.4  Localized Heterogeneities (e.g. L e n s e s ) .....................................................  76
4.4.1 Numerical Simulation o f an Example Problem .......................  76
4.5  W ater Table In te ra c tio n .................................................................................... 77
4.5.1 Numerical Simulation for Comparing with the Experiment . 77
4 .6  C o n c lu sio n s .........................................................................................................  79
Chapter 5 THE INFLUENCE OF MASS TRANSFER LIMITATIONS ON THE 
EFFECTIVENESS OF IN-SITU CONTAMINANT EXTRACTION 82
5.1 In tro d u c tio n .........................................................................................................  82
5.2  Model D ev e lo p m en t..........................................................................................  86
5.2.1 Case 1. Homogeneous System with Microscale Resistances . 90
5.2.2 Case 2. Heterogeneous System with Macroscale Resistances 93
5.2.3 Case 3. Layered Soil S y s te m ........................................................  94
5.3 Model S o lu tio n ...................................................................................................  95
5.3.1 Method o f M o m e n ts .......................................................................  96
5 .3 .2  Method o f C harac te ris tics ..............................................................  100
5.4  Discussion o f Results ....................................................................................... 101
5.4.1 Homogeneous Soil with Microscale R esistances ......................  101
5.4.2 Heterogeneous Soil with Macroscale R e s is ta n c e s ................... 107
5.4.3 Layered S o i l ....................................................................................... 110
5.5  Summary and C o n c lu s io n s .............................................................................. 112
5.6  References to Chapter 5 ....................................................................................  114
Chapter 6 SUMMARY AND CONCLUSIONS ...........................................................  116
6.1 Summary ............................................................................................................. 116
6.2 C o n c lu sio n s .........................................................................................................  118
R E F E R E N C E S .........................................................................................................................  119
Appendix A INFILTRATION OF IMMISCIBLE CONTAMINANTS IN  THE 
UNSATURATED Z O N E ........................................................................... 122
Appendix B DERIVATION OF THE METHOD OF MOMENTS SOLUTIONS 132
B .l The Zeroth M o m e n t.......................................................................................... 134
B.2 The First M o m e n t.............................................................................................  135
B.3 The Second M oment .......................................................................................  137
B.4 Effective Contaminant V e lo c ity ....................................................................  139
B.5 Effective Dispersion Coefficient .................................................................  139
VITA ........................................................................................................................................  141
v
LIST OF TABLES
3.1 Characterization of the Porous Media ..................................................................... 19
3.2 Properties of ATF and Water in the S o i l s ...............................................................24
3.3 Typical Schedule of the E xperim en ts ........................................................................25
3.4 Estimates of ATF Volumetric Content Using Plume Area (Homogeneous
M e d iu m )......................................................................................................................... 33
3.5 Estimates of ATF Volumetric Content Using Plume Area (Homogeneous
Medium, Sloping Watertable) ...................................................................................39
4.1 Comparison of CPU Times for Different Problem Sizes ..................... 47
4.2 ky as a Function of 0O and 0i r ...................................................................................... 57
4.3 kr/0o as a Function of 0O and 0ir...... ..............................................................................57
4.4 Model Parameters for Homogeneous Medium Simulation .................................. 67
5.1 Physical Properties of Example Contaminants........................................................... 95
5.2 Characteristic Time Scales for Diffusion Limited Transport (Assuming No
Sorption Related Retardation in Film Phase) ................................  105
vi
LIST OF FIGURES
Fig. 1.1 Schematic Representation of Non-Aqueous Phase Liquid
(NAPL) in Saturated and Unsaturated Zones, (a) Lighter 
than Water NAPL and (b) Heavier than Water NAPL (after 
Pinder and Abriola, 1986)..................................................................................3
Fig. 3.1 Particle Size Distributions of the Soils Used in
Experiments......................................................................................................... 20
Fig. 3.2 Setup for Two-dimensional Experiments........................................................21
Fig. 3.3 ATF Plume at Three (Top) and Six (Bottom) Hours after
Chemical Infiltration Began in the Homogeneous Soil with 
Horizontal Water Table.....................................................................................30
Fig. 3.4 Plume Profiles at Various Times for the Horizontal Water
Table Experiment. This Picture is Produced Using JAVA, 
an Image Processing Software.........................................................................31
Fig. 3.5 ATF Plume in Layered Media Just after Ending the ATF
Addition. The Upper Layer Is 21 cm of 375 Texblast Sand 
and the Lower Layer is 66 cm of 366 Texblast S a n d ............................. 35
Fig. 3.6 ATF Plume Boundaries for the Layered Media
E x p e rim en t........................................................................................................36
Fig. 3.7 Configuration of the Sloping Water Table Experiment (a
JAVA P ic tu re ) ..................................................................................................38
Fig. 3.8 ATF Plume at One (Top) and Seven (Bottom) Hours after
Its Infiltration Began in the Homogeneous Soil with a 
Sloping Water Table..........................................................................................40
Fig. 3.9 ATF Plume Boundaries for the Sloping Water Table
Experiment...........................................................................................................41
Fig. 4.1 Simulation of ATF Infiltration in a Homogeneous Porous
Medium with an Impermeable Stratum at 75 cm ....................................... 66
Fig. 4.2 BEM Model Simulation of ATF Infiltration in a
Homogeneous Medium Bounded by a Horizontal Water 
Table at the Bottom (Dashed Lines). The Prediction is
vii
Compared with Experimental Results (Continuous L in e s ) ........................68
Fig. 4.3 BEM Equation Development for the NAPL Flow through
a Heterogeneous Medium (after Brebbia et al., 1984)................................  70
Fig. 4.4 Comparison of the BEM Model Prediction with the
Experimental Results of the Layered Media Experiment.
Dashed Lines Are Model Prediction and Continuous Lines 
Are Experimental Fronts. Fronts Are Shown at 2, 11, 17,
25, 35, 45 and 55 minutes...............................................................................75
Fig. 4.5 Simulation of ATF Infiltration in a Heterogenous Porous
Medium Having a Clay Lens and Bounded with an 
Impermeable Stratum at the Bottom.... ..........................................................78
Fig. 4.6 Comparison of the BEM Model Prediction with the
Experimental Results o f the Sloping Water Table 
Experiment. Dashed Lines Are Model Prediction and 
Continuous Lines Are Experimental Fronts. Fronts Are 
Shown at 10, 30, 60, 77, 120, 150, 180 and 240 m in u te s ........................ 80
Fig. 5.1 Conceptualization of "Film" Mass Transfer Resistance
Defining Nomenclature.....................................................................................88
Fig. 5.2 Conceptualizations of Three Cases of Mass Transfer
Limitations...........................................................................................................91
Fig. 5.3 Concentration Profile at Various Times for Benzene with
Water as the Extraction Fluid, in Dimensional 
Coordinates........................................................................................................ 102
Fig. 5.4 Propagations of Center of Mass of Three Contaminants
with Water as the Extraction Fluid, Dimensional 
Coordinates. Slope of the Curves Indicates Effective 
Contaminant Velocity......................................................................................106
Fig. 5.5 Effective Dispersion Coefficient Associated with Mass
Transfer Limitations with Water as the Extraction Fluid, in 
Dimensionless Coordinates............................................................................ 108
Fig. 5.6 Dimensional Benzene Concentration at the Extraction Well
for Case 2 at 10 m from Source Area as a Function of 
Time. Extraction Fluid is Water and Film Thickness (5) is 
1 cm .................................................................................................................... I l l
viii
Fig. 5.7 Dimensional Benzene Concentration at the Extraction well 
for Case 3 at 10 m from the Origin as a Function of Time.
Extraction Fluid is Water and Film Thickness is 1 cm...........................113
ix
ABSTRACT
In evaluating risks associated with chemical spills on the ground surface or leaks 
from underground storage tanks, it is required to know the extent and degree of 
contamination in the subsurface. In many cases pure organics are spilled and due to their 
low miscibility with water they remain pure or concentrated for some distance or time 
from the source. This dissertation is aimed at developing a model o f the multiphase (air, 
water, organic) migration processes. The particular focus is on modeling organic 
infiltration in the unsaturated zone where the transport is largely vertical.
Sand-column experiments using a variety o f immiscible and miscible organics 
indicated that the organic infiltration front after a ’spill’ was sharp and that little residual 
water was displaced by an infiltrating immiscible organic. Based upon these 
assumptions, the multiphase transport problem was essentially modeled as a single phase 
infiltration under the influence o f gravity and capillary forces.
The resulting model describing organic phase infiltration rate contained two 
parameters, an effective medium permeability and an effective capillary suction at the 
wetting front. For the case o f a fully infiltrated organic, an effective capillary suction at 
the drainage front was also required. The boundary element method (BEM) is used to 
solve the governing quasi-steady differential equations. Good agreement between the 
experimental data and the model was observed taking the effective medium permeability 
equal to the saturated flow permeability and using measured values o f the capillary 
suction parameters.
x
Many groundwater contamination incidents begin with the release o f an essentially 
immiscible fluid into the subsurface environment. Once in the subsurface, an immiscible 
fluid participates in a complex pattern o f transport processes. For immiscible fluids that 
are commonly found in contaminated groundwater environments the interphase mass 
transfer between the nonaqueous liquid phase and the aqueous phase is an important 
process. A model capable of exploring the effect o f interphase mass transfer on in-situ 
extraction is also presented.
Chapter 1 
INTRODUCTION
Because groundwater is a vital resource, its contamination promises to be a major 
environmental issue for the decades to come. With the discovery o f abundant 
groundwater pollution problems due to past improper waste disposal methods, 
underground storage tank leakages and accidental spills of potentially hazardous 
chemicals (Abriola, 1984; Corapcioglu and Baehr, 1987; Schwarzenbach et al.,1985), 
it has become necessary to study, understand and predict fluid and contaminant transport 
in the subsurface. Such knowledge is necessary in developing and evaluating cleanup 
alternatives, and in assessing short- and long term contamination risks.
Since over 95% of the 1.4 million Underground Storage Tank (UST) systems are 
being used to store petroleum products, subsurface contamination due to these chemicals 
is the focus of this research. Petroleum products are typically sparingly soluble in water 
and have specific gravities less than one. Due to low water-solubility they can remain 
as a separate organic (also referred to as NonAqueous Phase Liquid, NAPL) phase after 
spilling or leaking into the soil. This gives rise to a multiphase flow system of water, 
air and organic phases. Being predominantly lighter than water NAPL migration is 
confined to the unsaturated zone and the essentially saturated zone immediately above the 
water table. Many of the petroleum products encountered in this situation contain a large 
fraction of compounds that are highly volatile. They vaporize during the migration and 
diffuse through the air in the unsaturated zone.
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Thus determination of the extent and magnitude of petroleum product contamination 
of the subsurface and remediation of that contamination typically depends on the 
dynamics of mobile phases in air-water-soil-NAPL system. A typical scenario of a 
petroleum product spill or leak (fig. 1.1) is
1. Infiltration through the unsaturated zone
2. Retention of a residual petroleum phase in the unsaturated zone often in the form 
of discontinuous ganglia.
3. Depression of and spreading on the water table with possible entrapment by
recharge water or water table fluctuations.
4. Loss of volatile components to the air/gas phase in the soil matrix.
These processes are complicated by the small and large scale heterogeneities of the 
soil. The small scale heterogeneities complicate wetting and capillary suction phenomena 
while the large scale heterogeneities provide preferential flow paths for petroleum 
movement. Traditional methods of describing these phenomena have focused on 
techniques used by petroleum engineers to model oil reservoirs. Such models are 
difficult to apply in the data-poor environment of a petroleum spill or leak. There is a 
need to identify and apply simpler techniques for identifying the extent and magnitude 
of contamination that are focused on the specific problem of near-surface, localized 
contamination of soil by petroleum products.
This dissertation is then directed towards developing modeling tools capable of 
describing NAPL migration during contamination and remediation of a petroleum product
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Fig. 1.1 Schematic Representation of Non-Aqueous Phase Liquid 
(NAPL) in Saturated and Unsaturated Zones, (a) Lighter 
than Water NAPL and (b) Heavier than Water NAPL (after 
Pinder and Abriola, 1986).
4contamination event; infiltration through the unsaturated zone, plume interaction with the 
underlying water table and evaluation o f selected in-situ removal processes.
1.1 Scope of the Research
The broad objective o f this research is to advance the understanding and 
mathematical representation of the complex phenomena of the fate and transport of a 
LNAPL (Lighter than water NAPL) in selected segments o f the subsurface. The 
principal effort was directed towards developing and validating computer models to 
design corrective actions for contamination created by bulk phase hydrocarbon from the 
subsurface.
1.2 Objectives
Specific objectives of this research were to investigate:
1. Transport o f the bulk phase organic through the unsaturated zone far from the 
water table.
2. Interaction of the bulk phase floating organic with the saturated zone.
The ultimate goal of this research was to develop models applicable to selection and 
design of remedial actions. It is expected to develop more sophisticated models while 
keeping data and computer requirements at a minimum level. This was done by:
1. developing an analytical model to simulate vertical infiltration of NAPL.
2. extending an existing BEM model to simulate moving boundary problems in one- 
and two-dimensional cartesian and two-dimensional axisymmetric coordinates.
3. developing a semianalytical model to model fate mechanisms such as chemical 
partitioning to aqueous and solid phases (dissolution and adsorption).
54. verifying the models by comparing with laboratory data generated in soil tank and 
column.
5. extending a complex variable boundary element method (CVBEM) model to 1- 
and 2-dimensional geometries.
1.3 Overview of the Presentation
A general overview of the theoretical considerations applicable to the NAPL flow 
in the subsurface is provided in Chapter 2. It includes discussions of the effect on NAPL 
migration of contaminant properties, moisture content and soil properties. It also creates 
a basis for various aspects of the subsurface contamination that are addressed here. A 
short introduction is included in each chapter to give the relevant background and 
objective.
Chapter 3 details the experiments carried out during this research to investigate 
the NAPL flow in the subsurface. The chapter ends with the useful observations which 
were used towards development of the mathematical models.
Chapter 4 is the publication (Reible et al, 1990) based on the earlier work of this 
research which comprised the NAPL infiltration far from the water table and with 
negligible lateral spread of the NAPL plume.
Chapter 5 provides mathematical details of the models used for NAPL flow in the 
unsaturated zone and the two-dimensional flow modeling of the immiscible contaminant 
in the unsaturated zone. Earlier sections deal with the description of the numerical 
models. The latter sections apply these models to the moving boundary problems in 
various flow scenarios arising underground. Finally, the models are applied to simulate
the NAPL infiltration and its subsequent spreading on the water table in a homogeneous 
or heterogeneous aquifer.
Remedial actions useful for an aquifer at residual NAPL saturation are 
mathematically investigated in chapter 6. The method of moments and method of 
characteristics models are applied to leaching of a contaminant and its subsequent 
movement.
Finally chapter 7 summarizes this work and consequent conclusions.
Chapter 2 
LITERATURE REVIEW
The subsurface fate and transport processes that influence nonaqueous phase liquid 
(NAPL) contaminants can best be introduced by describing a typical contamination 
scenario, such as a spill of gasoline (fig. 1.1). The contaminant will infiltrate through 
the vadose zone primarily due to the influence of gravity and capillary forces. The depth 
and lateral spread of the contaminated zone will be a function of the driving forces and 
the properties of the gasoline and porous media. If  sufficient gasoline is applied to the 
surface it will reach the saturated zone, depress the capillary fringe and possibly the 
water table. It will also spread on the capillary fringe with primary direction of the 
spread being down the watertable gradient. Eventually all of the gasoline will infiltrate 
and upper soil layers will begin to drain leaving behind the residual contamination in the 
soil pores. During this entire event partitioning will occur between the gasoline phase 
and the air, water and soil in the subsurface. Unless remedial actions are taken the 
contaminant will enter the potable water and raise environmental concerns. The 
residually contaminated unsaturated zone also contributes to the problem when infiltrating 
rain leaches the contaminants and later mixes with the underlying saturated zone. The 
objective o f this chapter is to review the recent progress on the problem of modeling 
water immiscible flow through rigid soils in the unsaturated zone.
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2.1 Infiltration
The vadose zone infiltration of NAPL is controlled by the interaction of four 
phases; bulk NAPL, residual water, air and soil. The basis o f the mathematical 
description of multiphase fluid flow in porous media is the conservation equations for 
mass and momentum of each phase. Derivations of general multiphase flow models may 
be found in work by Bear [1972], In most models o f nonaqueous phase infiltration the 
porous medium is assumed rigid and liquids incompressible. The generalized form of 
Darcy’s equation to multiphase flow may be used as simplified momentum balances 
(Faust and Mercer, 1979). The subsurface movement of water and NAPL phases is 
governed by,
dS,
e —  = V(K^7h) i= water, napl (1)
dt
and the air flow is governed by (Bird et al., 1960)
dPS„ K k ,
v 2^ 2) (2)
dt 2 \ia
where e is the porosity, S; is the saturation of phase i, t is time, K; is the fluid 
conductivity, h; is the total head, and Pa is the air pressure. K; is defined by
K r ^ rig -  (3)
where k  is the intrinsic permeability of the soil, k^ is the relative permeability of phase 
i, g is the gravitational acceleration, p{ is the density and jn, is the dynamic viscosity of 
phase i. hj is defined by
9P,
ht=— — z  (4)
SPi
where P; is the phase pressure and z is the vertical coordinate positive downward.
The relative permeabilities are functions of the fluid saturations. Since three-phase 
relative permeabilities are hard to measure, two-phase data is often used to predict three- 
phase relationships. Faust [1985] and Parker et al. [1987] used such an approach 
developed by Stone [1973].
Equations (1-4) are the starting point for all models of bulk nonaqueous phase 
movement. If  the NAPL contains a partitioning component, a component mass balance 
equation as described by Pinder and Abriola [1986] must be supplemented.
Note that equation (4) contains two terms on its right-hand side, the first term 
expressing the contribution of the suction gradient and the second term expressing the 
contribution of gravity. Whether one or the other predominates depends on the initial 
and boundary conditions and on the stage of the process considered. For instance, when 
infiltration takes place into an initially dry soil, the suction gradients at first can be much 
greater than the gravitational gradient. In addition, water infiltration from a small source 
tends at first to infiltrate laterally almost to the same extent as vertically. On the other 
hand, when infiltration takes place into an initially wet soil, the suction gradients are 
small from the start and become negligible much sooner.
Despite simplifying assumptions, modeling of the multiphase flow system described 
by the above mentioned equations is difficult due to the complexity of solving the 
nonlinear governing equations by either analytical or numerical methods. However,
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several researchers have numerically solved this system of nonlinear partial differential 
equations governing multiphase flow using the finite difference method (Faust, 1985; 
Baehr and Corapcioglu, 1987), finite element method (Abriola, 1984; Pinder and 
Abriola, 1986; Hochmuth and Sunada, 1985; Osborne and Sykes, 1986; Parker et al., 
1987) and the method of characteristics (Weaver, 1988).
Hochmuth and Sunada [1985] and Weaver [1988] developed simplified models 
based on the assumption of a sharp interface between the nonaqueous and the aqueous 
or the air phase. The earlier model is limited to spreading of the organic phase on a 
water table, whereas the latter is limited to NAPL movement in the unsaturated zone.
Doshi [1987] and Reible et al. [1990], included here as Appendix A, developed 
a Green and Ampt type model o f the sharp wetting front infiltration. In the experiments 
that suggested validity of this assumption Reible et al. [1990] also observed virtual 
absence of displacement of residual water during the nonaqueous phase infiltration, thus 
only the NAPL flow equation needed to be solved. In addition, due to constant oil- 
saturation behind the front the relative permeability of the NAPL phase remained 
constant behind the front. These assumptions were experimentally verified by Malhiet 
[1989]. Incorporation of these assumptions reduces the governing equation (1) to:
V»(tfn»V/zn)= 0 (5)
This equation is applicable to homogeneous or heterogeneous porous media. For 
many years equation (5) has been applied almost exclusively to homogeneous or layered- 
homogeneous soils. In other cases the implicit supposition has been that although a real 
soil is indeed heterogeneous, the dynamics of subsurface flow can be comprehended
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sufficiently well by models using homogeneous soils. However, research on the field 
scale has shown that the use of average hydraulic properties does not usually reproduce 
even the average behavior of a heterogeneous soil (Milly, 1988).
The model of Reible et al. [1990] is applicable to one dimensional flow in a 
homogeneous medium. In a heterogeneous medium or multidimensional flow in the two- 
phase flow region at the water table, which are the focuses of this research, the model 
requires numerical solution.
Brebbia [1984] and Liggett and Liu [1983] have applied the boundary element 
method (BEM) to the problems o f water flow and solute transport in the saturated zone. 
BEM has the distinct advantage over finite element methods of not having to discretize 
the domain thus reducing the domain of calculation by one dimension, therefore giving 
rise to a smaller matrix to be solved. In this research BEM will be applied to migration 
of the NAPL through the unsaturated zone. The boundary information is often the one 
that has the most relevance, particularly so in the moving boundary problems, and is a 
direct product of the BEM method.
Recently, Stothoff and Pinder [1992] used BEM for simulating the injection of 
trichloroethylene (TCE) into a homogeneous porous medium originally fully saturated 
with water. Injection of TCE occurred from a strip source 20 cm wide, centered at the 
top of a rectangular domain measuring 2m in horizontal extent and 2.5m in vertical 
extent. The contaminated zone was divided into several subregions in each of which a 
constant TCE saturation was assumed. In the case of BEM the division of the domain 
increases the computational effort drastically because a larger matrix has to be formed
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and solved to obtain the unknown boundary and interface variables. Thus such a 
subdivision may not be justified in the events where the outer boundary is of primary 
concern. In addition, the NAPL saturation varies by a small margin within the 
infiltrating contaminated soil. Their results were compared only with a finite element 
simulator.
2.1.1 Heterogeneous Media
Detailed geological information regarding subsurface heterogeneity is generally 
scarce. Hillel [1982] explains two situations that can arise in case o f water infiltration 
into layered media that can be extended to NAPL infiltration. One is that of a coarse 
layer of higher saturated conductivity overlying a less conductive finer-textured layer. 
In such a case the infiltration rate is at first controlled by the coarse layer, but when the 
wetting front reaches and penetrates into the finer-textured layer, the infiltration rate can 
be expected to drop and tend to that of the finer soil alone. Thus eventually, it is the 
layer of less conductivity that controls the process. If infiltration continues for long, then 
positive pressure heads (aperched water table) can develop in the coarse soil, just above 
its boundary with the impeding finer layer.
In the opposite case o f infiltration into a fine-textured layer over a coarse-textured 
one, the initial infiltration rate is again decided by the upper layer. As the water reaches 
the interface with the coarse lower layer, however, the infiltration rate may decrease. 
The water at the wetting front is normally under suction, and this suction may be too 
high to permit entry into the relatively large pores of the coarse layer. This explains the 
observation (Miller and Gardner, 1962) that the wetting-front advance stops for a time
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(though infiltration at the surface does not stop) until the pressure head at the interface 
builds up sufficiently for water to penetrate into the coarse material. Thus, under 
unsaturated flow conditions a layer of sand or gravel in a medium-or fine-textured soil, 
instead of enhancing water movement in the profile, may actually impede it. The lower 
layer, anyhow, cannot become saturated, since the restricted rate of flow through the less 
permeable upper layer cannot sustain flow at the saturated hydraulic conductivity of the 
coarse lower layer (unless the externally applied pressure i.e ., the ponding depth is large 
or where both the layers are under the water table).
2.2 Parameters Affecting the Infiltration
Migration of a NAPL is affected by its physical properties and the physical and 
chemical properties of the soil. It is also affected by the soil pathways through which 
it moves. The effect of each of these properties on the NAPL migration will be 
discussed below.
2.2.1 NAPL Properties
Density, viscosity and surface tension of the NAPL directly affect contaminant 
migration in that, according to equation (3) denser and less viscous fluid will migrate 
faster. In addition, if the surface tension of the NAPL is high then it will give rise to 
higher capillary suction at the infiltrating front thus accelerating the migration. The 
contaminant with higher capillary suction also has higher residual saturation so that more 
of the contaminant is retained in soil pores upon drainage. However, generally the 
density and viscosity effects are more pronounced. A NAPL that is more dense than
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water will tend to sink below the watertable. The lighter NAPL tends to suppress 
primarily the capillary fringe and migrates along the direction of the water table gradient.
NAPL vapor pressure, soil partitioning coefficient and water solubility determine 
how much of the contaminant may be lost to various phases before reaching and 
contaminating the groundwater. Contaminants such as gasoline have a large fraction of 
compounds having high vapor pressure. Thus a small amount of gasoline reaches the 
water table and a large fraction remains in the unsaturated zone in the vapor form.
2.2.2 Soil Characteristics
The particle size, porosity and permeability of the soil affects migration of the 
NAPL. As a rule, soils with fine particles exhibit lower permeability than that with the 
coarse particles. In addition, the particle size distribution also plays a key role in 
determining the permeability of soils. In case of soils with wider distribution their 
permeability is lower because the finer particles tend to fill the interstitial space between 
the coarse particles, thus reducing the area available for the NAPL to flow.
2.2.3 Subsurface Conditions
Subsurface heterogeneity, fractures, soil-moisture content and depth to water table 
affect the manner in which the NAPL spreads during infiltration. Even if a soil is 
laterally homogeneous, it tends to be layered vertically with zone of high and low 
permeability material. A soil having zones of differing permeability will provide the 
NAPL with preferential flow pathways through high permeability regions. The NAPL 
phase tends to collect on low permeability layers. In case a low permeability lens is
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present, NAPL tends to flow around it. High permeability zones such as fractures 
provide effective conduits for NAPL movement.
The residual water in the pore spaces prior to NAPL infiltration phase also 
influences the net capillary forces acting during infiltration. Since water is more wetting 
than the NAPL, water tends to fill the fine pores and limit the infiltrating organic to the 
larger pores, thus effectively reducing the capillary suction. The phenomena of limiting 
the NAPL to larger pores, however, has another effect. Large pores offer lower 
resistance to flow, thus the effective permeability to NAPL becomes higher than expected 
otherwise.
2.3 Sharp Front NAPL Infiltration
In the experiments carried out by Reible et al. [1990] sharp organic fronts were 
observed, and the organic saturations within and behind the contaminant plume were 
uniform. These observations were used as the basis for the development o f the model 
of immiscible phase infiltration. Malhiet [1989] validated these observations with 
separate column experiments using iso-octane as a NAPL. The first assumption made 
during the model development was that of single phase flow (i.e. the residual water is 
assumed to be immobile). This assumption was validated qualitatively during the i- 
octane infiltration experiments with the aid of dye. The water was dyed royal blue while 
the iso-octane was dyed red. After the column system was allowed to drain to a residual 
water saturation following a water infiltration experiment, the sand retained a blue hue. 
This was due to the presence of residual water that was contained within the media. 
Upon infiltration of the iso-octane, water was not displaced. This was evident in that a
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blue water layer was not formed at the front of the infiltrating organic fluid. However, 
if the column contained water above the residual saturation, displacement of water by the 
infiltrating iso-octane was observed. Therefore, it was concluded that if  the water 
content o f the porous media is at or below residual saturation the assumption of an 
immobile water phase (single phase flow) is valid.
To evaluate the assumption of sharp infiltrating and drainage fronts, the gamma- 
ray system was utilized. The system was placed in a fixed position while a saturated 
plug o f fluid infiltrated past. Gamma ray attenuation measurements were recorded every 
thirty seconds before, during and after the fluid plug flowed past the gamma ray position. 
This data provided the organic fluid saturation as a function of time. The data were then 
converted to fluid saturation as a function of position via the hydraulic conductivity (i.e. 
at t= to position=to*K etc.). The infiltrating front was very sharp while the drainage 
front was fairly sharp.
Chapter 3
EXPERIMENTAL PROCEDURES AND RESULTS
Laboratory experiments are useful, for model validation, due to the ability to 
control soil properties and boundary and initial conditions. Laboratory investigations of 
the migration of immiscible contaminants through unconsolidated sands have been 
performed by Schwille [1984]. However, the approach was purely qualitative lacking 
any attempt to mathematically model the transport process.
This chapter describes a set of experiments that were designed to obtain a 
qualitative understanding of the transport and entrapment behavior of immiscible organics 
in the unsaturated and the saturated zones of aquifers near spills or leaks. These 
experiments were used to develop a conceptual model of the transport processes and to 
compare to the predictions of simulations. Since the movement is primarily vertical in 
the unsaturated zone, at first several experiments were conducted in a column. Details 
o f the column experiments have been documented separately (Ayoub, 1987; Doshi, 1987; 
Reible et al., 1990) and are not repeated in this chapter. To observe the lateral 
dispersion due to capillary effects and the transport characteristics near the saturated zone 
several experiments were carried out in a two-dimensional flume. James Smith (Smith, 
1994) provided a great deal of assistance during the experimental work. It is these two- 
dimensional flume experiments which are reported here.
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3.1 Design of the Experiments
Under uncontaminated conditions, the interstices in the unsaturated zone are filled 
with air and water. Leaked substances move downward under the influence of gravity. 
Some lateral movement occurs due to capillary forces. Heterogeneities and variations in 
water saturation also contribute to the lateral spread. As the leaked substance moves 
down, volatile substances will vaporize to form a gas envelope around the infiltration 
core. Vapors are also generated from immiscible substances floating on the capillary 
fringe. Vapor removal from the unsaturated zone can be carried out by inducing vacuum 
in the contaminated zone.
Several chemicals were used to cover a range of densities and miscibilities. 
However, in most of the experiments, automatic transmission fluid (ATF) was used as 
the immiscible contaminant. The choice was due to its distinct red color, and low 
volatility and toxicity. In the scheme used for the application of the oil, a constant 
hydraulic head was maintained for some time and later the addition o f the ATF was 
stopped to allow the head to drop and ATF to redistribute in the porous media. The 
infiltration o f the bulk transport of NAPL was followed in the residually water saturated 
soil.
Sand was selected as the porous medium for the organic infiltration experiments. 
Sands typically exhibit little or no interaction with the fluid phase such as adsorption and 
swelling (Corey, 1983). In addition, if proper tank filling methods are used, a high 
degree of homogeneity can be obtained with sand. Discrete heterogeneities or layers can 
be produced by using different grain size sands. Its permeability, pore structure and
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wetting characteristics model field conditions better than glass beads. Several sands were 
used, obtained from Industrial Sands at Baton Rouge, LA. Physical properties o f these 
sands are listed in Table 3.1. The particle size distributions are plotted in fig. 3.1.
Table 3.1 Characterization of the Porous Media
Property it Texblast Sand
363 366 375
Kw, cm/min 6.12 15.84 65.40
^p ,m ean5 Him 0.211 0.700 1.073
dio, mm 0.13 0.41 0.82




3.1.1 Description of the Equipment
The two-dimensional experiments were an extension o f the one-dimensional 
column experiments. The column experiments were conducted in a 185 cm long, 6.35 
cm (i.d.) glass and plexiglass columns. The porous media was packed uniformly and 
then was saturated with dyed water and later drained to residual saturation. Dyeing the 
water allowed observation o f its displacement, if  any, during ATF infiltration. Visual 
observations during infiltration o f the ATF indicated that organic wetting front was 
distinctly sharp and horizontal. This was later verified by saturation measurements along 
the column using a gamma-ray attenuation system (Reible et al., 1990).
The laboratory setup for two-dimensional experiments consisted of a Lexan flume 
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separated the porous medium from the two end-reservoirs. The end-reservoirs were 
connected to the constant head tanks to create desired water table configurations. The 
experimental setup was designed to simulate an isotropic and homogeneous unconfined 
aquifer with shallow water table. Two configurations associated with the watertable, viz. 
horizontal and sloping, were selected to study water table suppression and migration of 
the chemical along the water table. Several sands with different mean grain size and 
uniformity coefficients were used (Table 3.1).
An additional flume of smaller dimension (18in xl8in x2in) was used for sand 
characterization and also for choosing various parameters for the large tank experiments. 
Most importantly, the method o f sand filling was perfected in the small flume so that the 
packing produced was homogeneous. Other uses for this flume were pilot testing of new 
methods of sand filling and saturation, creating desired layers and soil lenses of different 
properties in the tank, choosing appropriate soil for a given experiment etc. Thus most 
of the small flume experiments were qualitative in nature, however they improved the 
success o f obtaining good quality data in the large flume. Porosity of the soil, residual 
saturations o f water and ATF in dry soil, residual saturation of ATF in the wet sand and 
capillary rise were measured for various soils in the small flume.
3.1.2 Measurement of Residual Saturations and Capillary Rises of ATF in Soils
Residual saturations of water and ATF in both the soils used for various 
experiments were measured using the small flume. The values were calculated based on 
material balance. The tank was filled with the soil about 30 cm deep. Then a known 
volume of water was added until all the soil was under water. The heights of soil and
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water were measured. Using these numbers and tank dimensions, the porosity of the soil 
was calculated. The water was then allowed to drain and the volume of water drained 
was measured. The drainage was fast at the beginning. After this fast drainage was over 
the tank was covered at top to prevent moisture loss. Drainage and collection of water 
were continued for about 24 hours. On the next day the height of water capillary fringe, 
the height of soil and total volume of water collected due to drainage were measured. 
Then using a material balance on water and assuming that capillary fringe is at full 
saturation the residual saturation of water was calculated.
The next step was application of ATF for the measurement of ATF capillary 
fringe and residual ATF saturation in the wet soil. A known volume o f ATF, sufficient 
to saturate several centimeters o f soil, was applied at the top along the entire width of 
the flume. The ATF infiltrated and reached residual saturation. Due to ATF 
suppression some water drained out, this was also collected and measured in the end. 
ATF was allowed to infiltrate until there was no visual change in the tank for a day. It 
took about three to four days to reach this stage. At this juncture the volume o f water 
drained and the heights o f water and ATF capillary fringes were measured. The 
interfaces were not sharp, however the transition zone was small enough for our 
purposes. As in the case of residual water calculation, the assumption that the ATF 
capillary fringe was completely saturated with ATF was made. Using a material balance 
on ATF, accounting for residual water, ATF residual saturation was calculated.
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In the similar manner a separate set of experiments was carried out to measure 
the capillary rise and the residual saturation of ATF in the dry soils. All the results are 
summarized in Table 3.2.




porosity 0.4021 0.3632 0.3949
(hc)w, cm 18.8 11.1 5.0
0wr 0.1037 0.0622 0.0562
0or, dry soil 0.0587 0.0799 0.0862
0or, wet soil 0.088 0.0999 0.0083
(hc)0, cm in dry soil 9.0 5.8 2.8
(hc)OI cm in wet soil 6.8 2.2 3.1
3.1.3 General Procedure
Typical schedule of an experiment is shown in Table 3.3. and the various 
activities are described below. This sub-section describes the general procedure of the 
infiltration experiments. As mentioned earlier several soil and watertable configurations 
were simulated in the laboratory, homogeneous, layered and heterogeneous media with 
a discrete lens. The horizontal and sloping watertables were both created in a 
homogeneous packing. The details and results of these experiments are described in 
section 3.2.
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Table 3.3 Typical Schedule of the Experiments
Activity Day
Fill the tank with sand and saturate the sand 1
Measure hydraulic conductivity insitu, create 
desired watertable condition
2
Apply the chemical 3-4
Gravity drainage of the chemical 5-7
Soil vacuum extraction 8
Further drainage 9-10
Clean up using a wet-vacuum 11
3.1.3.1 Soil Filling
It is very important to have consistent filling of the porous medium to have 
reproducibility of the experiments. Random layering was the primary problem 
encountered in filling the tank with soil. Such a layering created paths of lower 
resistance for the chemical to flow and therefore damaged the purpose of creating a 
homogeneous aquifer in the tank.
Two methods of soil filling were tried. In first, the tank was filled with water 
and then the soil was poured in the tank. However, this also resulted in layering. The 
second method was similar to the one that was successful for the column filling. A box 
that snugly fitted the tank was placed inside. The box was made up of 1/4" thick acrylic 
sheets. Masking tape was placed to prevent the soil from falling between the box and 
the tank walls. Then soil was poured into this box and later the box was pulled slowly 
and continuously. Because it was extremely difficult to pull out the box after the tank
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was completely filled with soil, the tank was filled in three stages and after filling each 
third of the tank the box was pulled up. Layering was then absent in the tank.
3.1.3.2 Water Saturation of the Porous Media
To create the initial condition of residually water saturated porous medium the 
tank was first saturated with water and then the water was allowed to drain by gravity. 
After some experimentation a method of saturation was arrived at in which no air was 
trapped within the saturated zone. Water was applied only from one side of the tank 
while maintaining a low rate of water table rise on that side. This procedure allowed the 
air in the porous medium to escape upwards and sidewards. Earlier experiments in 
which above precautions were not taken had produced entrapped air zones.
In all the experiments an initial condition of residual water saturation was created. 
Water dyed with methylene blue was used to generate the initial residual water saturation 
condition in the flume. Dyeing helped identify various fronts during the organic 
infiltration. A volume of water larger than the approximate pore volume of the soil 
(assuming e =  0.4) was used to saturate the tank. By measuring the volume of water 
required to saturate the tank, the pore-volume of the soil, i.e ., the porosity, was 
calculated. The soil was then allowed to drain to residual water saturation. After 
draining, a capillary fringe remained at the bottom of the flume. Using the volume of 
water remaining in the flume and the height of the assumed water saturated capillary 
fringe, the residual volumetric content of water (0wr) was calculated from a water mass 
balance. The capillary fringe and the rest of the flume were assumed to be at total water 
saturation and at uniform residual water saturation, respectively. The typical porosity and
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residual water content measured during the experiments were 0.4 and 0.1, respectively. 
Thus 25% (Swr =  0.25) of the pore space remained filled with water after allowing the 
flume to drain.
3.1.3.3 Insitu Measurement of the Hydraulic Conductivity
After saturating the porous media its hydraulic conductivity was measured in-situ 
by maintaining a small head difference across the tank while maintaining most of the soil 
at total saturation. A method described in Harr [1962] for the measurement of horizontal 
hydraulic conductivity for two dimensional flow on a horizontal impervious boundary 
was used. Since the sand-filled tank was not stratified hydraulic conductivity was 
assumed independent of direction. Very small hydraulic gradient was maintained and 
almost the complete height of the tank was saturated during the conductivity 
measurements. This allowed the use of the Forcheimmer assumption of essentially 
horizontal flow, and a linear water table. Since only a small portion of the tank was 
unsaturated, it was assumed that the flow in the capillary region was negligible. Thus 
hydraulic conductivity, Kw, is given by
K  -  2VL m
W n ry (1)
tb {h \-h \)
where, V is the volume of water collected during time t, L the length of the aquifer (34 
cm and 90.5 cm, for small and large tank, respectively), and b the width o f the aquifer 
(5.08 cm for both the tanks), h, and h2 are the water table heights, measured from the 
impermeable base, at the inlet and outlet, respectively. The Kw values are tabulated 
along with other system parameters (Table 3.1).
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Following the measurement of K* the soil was allowed to drain and constant head 
tanks positioned to obtain the desired watertable configuration. Drainage continued until 
the unsaturated zone above the capillary fringe attained residual saturation. For the 
coarse soil (0.7 mm) about two hours of drainage was sufficient while for finer soils an 
overnight drainage was allowed.
3.1.3.4 Application and Infiltration of the Organic
A known volume of chemical was introduced through the feed container at the top 
of the flume. The ponded depth was initially kept constant at a predetermined value until 
the chemical was exhausted. The ponded depth of the chemical was then allowed to fall. 
The chemical was allowed to drain for several days. The experiment was ended when 
the spreading of the chemical on the water capillary fringe ceased.
By this time, the chemical existed as a saturated lens overlain by a region 
extending to the soil surface that was presumably drained to residual saturation with 
respect to the chemical. Based on these saturation assumptions, the residual saturation 
of the chemical was calculated from a total mass balance on the chemical. The 
contaminated soil was removed from the tank using a wet vacuum. The contaminated 
solids and liquids resulting from the experiment were given to LSU campus safety for 
safe disposal.
3.2 Experimental Results - Unsaturated Zone
Several experiments were carried out to investigate the NAPL infiltration in the 
unsaturated zone. The details o f the experiments and results are presented below.
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3.2.1 Homogeneous Medium: Horizontal Water Table Experiment
The residual water condition was produced by the drainage resulting from 
lowering the constant-head tanks to set the watertable at 53.0 cm below the source. An 
essentially saturated capillary fringe extended 15.5 cm above the watertable. A 4.5 cm 
wide pond with Styrofoam fortifications on the sides, to avoid chemical overflow on the 
soil surface, was created. A constant ponding depth o f 4 (+  0.5) cm was maintained 
until (460 minutes) about 3L o f the ATF was added. Later the pond was allowed to 
dissipate and the ATF allowed to drain.
The ATF front was identical on both sides of the tank. Layering of soil was 
absent and the plume was uniform, except within the contaminated region to the left and 
right from the source where the saturation appeared to be lower. Saturation profiles at 
three and six hours are shown (fig. 3.3). Initially the plume spread laterally by capillary 
suction and vertically by both capillary suction and gravity. It was also observed that 
the plume width stabilized at about 35 cm. The wetting order of water, ATF and air is 
water >  ATF >  air. Thus, when ATF infiltrated into residually water saturated soil the 
displacement of residual water in the unsaturated zone was absent. At five hours the 
plume began suppressing the capillary fringe. The suppression was clear. When the 
ATF addition was ceased the capillary fringe was suppressed about 14 cm. During the 
experiment the ATF plume was traced and later compared with the numerically simulated 
plume. Fig. 3.4 shows the plume boundaries at various times.
After twenty-four hours the ATF had largely achieved a uniform residual 
saturation with an ATF saturated pool at the watertable. The top of the ATF pool was
Fig. 3.3 ATF Plume at Three (Top) and Six (Bottom) Hours after 





Fig. 3.4 Plume Profiles at Various Times for the Horizontal Water 
Table Experiment. This Picture is Produced Using JAVA, 
an Image Processing Software.
32
5 cm below the initial water-capillary fringe level, that is the water in the capillary fringe 
was displaced laterally. It should be noted that the LNAPL infiltration suppressed only 
the capillary fringe and not the watertable. The spread of the ATF plume caused the 
discharge of 935 cc of water.
Variations in the ATF saturation could not be measured directly. If  based on the 
insitu saturation measurements carried out in the column experiments, one assumes that 
the oil-saturation behind the front is essentially constant, then average saturations at 
various times can be estimated from the amount of ATF added and the size of the oil- 
plume. Volume measurements facilitated estimates of ATF saturations at various times 
(Table 3.4). While ATF spread on the water table incremental water discharges were 
measured. Incremental change in the plume size during this time provided average 
saturation in the capillary zone.
3.2.2 Layered Medium
It was felt desirable to gain experience with layered media before doing 
experiments with more generalized heterogeneities such as lenses of porous material with 
different properties. The numerical model developed in this work primarily tracks a 
sharp front with a generally smooth boundary. When the fluid moves from a less 
permeable to a more permeable zone fingering takes place in the latter zone. Such 
behavior is hard to simulate using such a model. Thus, the layered media experiments 
were carried out with permeability decreasing downwards.
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Table 3.4 Estimates of ATF Volumetric Content Using Plume Area 
(Homogeneous Medium)
Time, min. Oil in Soil, cc. Bulk Volume 
Occupied by Oil, cc
00
25 334 924 0.361
45 464 1409 0.329
90 789 2386 0.331
150 1114 3772 0.295
210 1414 4717 0.300
270 1714 5883 0.291
300 1839 6644 0.277
330 1964 7003 0.288
360 2094 7480 0.280
420 2374 8521 0.279
Method of filling and saturation was first studied in the small tank. In the large 
tank experiment a two layer media was constructed with 21 cm o f 375 Texblast soil 
overlying 66 cm of 366 Texblast. In 56 minutes 3.7L of ATF was infiltrated. The 
lower layer soil was finer than the top layer. Therefore, its conductivity was lower while 
capillary suction was higher. As the ATF crossed the layer interface, the ATF plume 
moved faster due to the higher capillary suction o f the lower layer. The plume also 
resumed its lateral spreading, which had ceased in the upper layer. In fact the spreading 
was much more than that observed in the homogeneous porous medium experiment with 
a finer sand. Soon, the capillary gradient was much smaller compared to the 
gravitational one. Oil further spread at the interface and some head of oil developed at
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the layer interface. During the infiltration the ATF boundary was traced at various 
times. Photographs and video were taken for later analysis (fig. 3.5). Plume boundaries 
traced at various times are shown in fig. 3.6.
3.2.3 Heterogeneous Medium with Lenses and Layers
In order to study heterogeneous media with lenses and layers an experiment in the 
large tank consisting of 375- and 366-Texblast sands used to create layers and pockets 
of porous media was conducted. Tank filling technique to achieve desired configuration 
was developed using the small tank. The box was placed as described earlier and the soil 
was poured in. At first soil was poured to the level where the heterogeneous lens was 
going to be placed. At this stage two partitioning plates separated by a distance equal 
to the width of the lens were placed temporarily for the filling purpose. Precalculated 
amounts of appropriate porous media were then poured in different sections to achieve 
the correct height of the pocket. The plates were then pulled out and filling of single 
porous media continued. This technique was very successful and created very little 
overlap at the media interface. Since porosity and residual water saturation and 
conductivity made little sense here those measurements were not carried out. Instead 
independently measured properties were used.
During ATF infiltration constant ponding of 2 cm was maintained in a 3 cm wide 
pond for 85 min. 3500 cc of ATF was added over a period o f 56 min. The plume 
behaved as expected. Initially the ATF infiltration was like that in a typical 
homogeneous soil. When ATF came near the less permeable lens it spread on it and 
then poured around it. Subsequently both of the fingers formed around the lens arrived
Fig. 3.5 ATF Plume in Layered M edia Just after Ending the ATF 
Addition. The Upper Layer Is 21 cm o f 375 Texblast Sand 
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Fig. 3.6 ATF Plume Boundaries for the Layered Media Experiment.
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at the interface o f the two layers. Due to the lower conductivity o f the lower soil layer 
the infiltration behavior of each finger was similar to that described in the previous 
section. After a few minutes o f spreading at the interface both the fingers merged there 
and the infiltration continued into the lower layer.
3.3 Experimental Results - Interaction with the Saturated Zone
In this section interaction o f the NAPL plume with the watertable is discussed. 
The horizontal watertable experiment was a continuation of the homogeneous medium 
experiment, which is described in its entirety in Sec. 3.2.1. The discussion of the 
experiment for NAPL plume interaction with sloping watertable follows.
3.3.1 Sloping Water Table Experiment
A large water table gradient of 0.2 (cm drop / cm laterally) was selected to 
pronounce its effect on the migration of the spilled chemical. It should, however, be 
noted that in practice a much lower water gradient is observed. The configuration of the 
experiment is shown in figure 3.7. This slope and depth of the water table created a 
steady water flow of 1 L/min in 366 Texblast sand (grain size 0.7 mm) used as porous 
media.
A 4 (+  0.5) cm constant ponding depth of the infiltrating ATF was maintained 
until about 1.7 L of the ATF was added, which took 97 minutes. The spill area and the 
contaminated unsaturated zone were then allowed to drain. At 60 min. the plume began 
suppressing the capillary fringe. As in the case of horizontal water table, the NAPL 
body visibly depressed the capillary fringe. The plume and the lens above the water 
table were identical on both sides of the tank. Most o f the contaminated unsaturated zone
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Fig. 3.7 Configuration of the Sloping Water Table Experiment (a 
JAVA Picture)
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appeared to be at residual ATF saturation. Table 3.5 shows that the ATF content was 
quite uniform during the infiltration. The plume at one and seven hours after chemical 
infiltration began is depicted in fig. 3.8. During the experiment ATF plume was traced 
(fig. 3.9) and later compared with numerically simulated plume.
Table 3.5 Estimates of ATF Volumetric Content Using Plume Area 
(Homogeneous Medium, Sloping Water Table)
Time, min. Oil in Soil, cc. Bulk Volume 
Occupied by Oil, cc
©o
30 519 1733 0.2995
60 999 3278 0.3048
77 1244 4353 0.2858
3.4 Summary
A set of experiments was conducted, in conjunction with James Smith (Smith, 
1994), to obtain a qualitative understanding of the transport and entrapment behavior of 
concentrated organics in the unsaturated and the saturated zones of aquifers near spills 
or leaks. The experimental setup was designed to simulate an isotropic and homogeneous 
unconfined aquifer with shallow water table. Two configurations associated with the 
water table were examined. In one it was horizontal, corresponding to the static 
conditions, and in the other it was sloping, representing a steady flow situation. In the 
experiments, ATF was used as the immiscible contaminant. The choice was due to its 
distinct red color, nonvolatility and low toxicity. A constant head was maintained 
forsome time at the surface and later the addition of the ATF was terminated to allow 
dropping head followed by redistribution of the ATF in the porous media.
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Fig. 3.9 ATF Plume Boundaries for the Sloping W ater Table 
Experiment.
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During these experiments sharp organic fronts were observed, and the organic 
saturations within and behind the contaminant plume were uniform. These observations 
were used as the basis for the development of the model of immiscible phase infiltration. 
As described in section 2.3, Malhiet [1989] validated these observations with separate 
column experiments using iso-octane as a NAPL.
In the two-dimensional infiltration experiments the plume profiles were traced 
visually. Thus, variations in the ATF saturation could not be determined. However, 
average saturation was estimated from the amount of ATF added and the size of the oil- 
plume. This calculation showed that the average oil-saturation behind the front was 
essentially constant. The rate of propagation of the ATF plume varied greatly with grain 
size and with the water table gradient. Uniformity of the plume shape also varied with 
the porous medium. Plumes in finer soil exhibited considerable fingering. This was 
partly due to the heterogeneity created during filling.
Typical results for the case o f transport in the unsaturated zone showed the need 
for a model that simulated several processes in sequence. First, in the zone far from 
influence of capillary fringe the chemical propagates in both horizontal and vertical 
directions. During this time most of the residual water remains immobilized and the 
chemical front is sharp. A two-dimensional sharp front model that assumes constant, but 
not necessarily total, NAPL saturation was developed. The model incorporated an 
effective capillary suction at the front.
In the second stage, the front-propagation is affected by the capillary fringe. Now 
in addition to the free organic boundary there is an organic-water interface with almost
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complete water saturation on the other side. Thus a model which takes care o f multiple 
zones is more appropriate. Effective capillary suction at interfaces and free surfaces can 
be easily incorporated into such a model.
In the third stage the LNAPL interacts with the water table and continues its 
spreading. If the water table is sloping then the LNAPL also migrates along the 
direction o f the water flow. The model developed for the second stage can also be used 
here. However, the suction values will be different in the capillary zone and in the 
saturated zone.
Chapter 4
MODELLING MIGRATION OF IMMISCIBLE CONTAMINANTS IN THE 
UNSATURATED ZONE (2-D FLOW)
The Resource Conservation and Recovery Act of 1990 (RCRA) requires the U.S. 
Environmental Protection Agency to develop criteria to determine whether land disposal 
of hazardous wastes adequately protects human health and the environment, and to 
determine if  certain wastes should be banned from land disposal (EPA,1986). The 
procedure for determining screening levels to define treatment standards involves use of 
a contaminant concentration level protective of human health for back-calculation via 
environmental fate and transport models to define acceptable concentrations at a land 
disposal facility. Predicting pollutant behavior in the subsurface is one of the most 
difficult, but also one of the most important, tasks for preserving the groundwater. 
Many interacting variables can influence the transport and fate of contaminants. Over 
four hundred models now exist to describe the movement of fluids in the subsurface 
(EPA, 1986). These range from simple models capable of being used with a hand 
calculator to highly complex ones requiring a mainframe computer. Most transport 
models are too general to be helpful in answering site-specific questions. Many are 
theoretical and have not been validated. It is deemed important to improve the reliability 




In addition to the prediction of the migration subsequent to spills or leaks, the 
prediction of the contaminant movement is vital to design and assessment of any 
remediation efforts. Due to the large time scales involved in the observation o f effect 
o f such remediation efforts, modelling tools are very useful. At the present time, models 
are primarily needed to indicate the magnitude of the contamination problem and to guide 
subsequent field investigation. Analysis of the multiphase flow system arising in the 
vadose zone is difficult because not only do separate flow equations need to be solved 
simultaneously for each phase but also phase interactions and capillary forces need to be 
considered. The models developed in this research may also be applied for this purpose.
For a complex system of subsurface flow of multiple phases numerical solutions 
become mandatory. With the numerical domain approaches, such as Finite Difference 
Method (FDM) or Finite Element Method (FEM), the solution is approximated over the 
whole domain. On the other hand, the Boundary Element Method (BEM) and the 
Complex Variable Boundary Element Method (CVBEM) approximate the boundary 
geometry and the boundary integral, by trial functions, but provide a solution that is 
exact in the domain within the approximate boundary. Hence, these solution techniques 
can be called semi-analytic. If the given problem is two-dimensional, transforming it to 
one-dimension can be accomplished more efficiently and neatly by complex-domain 
integral than by real-domain line integral (Dold and Peregrine, 1984). The CVBEM 
retains the same advantages of real-variable boundary element methods.
In this chapter the boundary element method is used to solve the set of partial 
differential equations describing the subsurface flow of a NAPL bound by a sharp surface
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or interface in the vertical plane. The assumption of a sharp front was verified for the 
conditions of the simulation by gamma-ray attenuation measurements in the column and 
two-dimensional soil flume experiments of Reible et al. [1990]. Because the speed of 
propagation of pressure transients is usually far greater than the speed of the fluid in 
porous media, the flow is treated as quasi-steady. The NAPL migration front is moved 
at each time step according to fluxes calculated on the boundary assuming a steady 
pressure field. The validity of this moving boundary model is tested against data 
obtained in the laboratory experiments.
Boundary element method is very viable in such type of problems. At each time 
the problem may be solved as a steady state problem followed by moving the free 
boundary using Darcy’s law. Since the main interest o f the solution is the free boundary 
this method lends the advantage of avoiding unnecessary computations inside the domain. 
In this chapter the boundary element model is developed first for both the two- 
dimensional and the axisymmetric geometry. That is followed by sections on NAPL 
migration in the homogeneous porous medium, layered medium, medium with low 
permeability lenses and finally the interaction of NAPL with the water table, horizontal 
and sloping. The section on homogeneous medium also contains the development of 
mathematical background for the moving boundary problems and its implementation into 
the BEM and CVBEM. Each of the sections on different cases contain the BEM 
equation rearrangement required for that particular configuration, its program 
implementation and a numerical simulation. Numerical simulation is compared with the 
laboratory experimental data. The model parameters used in the simulation were
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measured or estimated independently, they were not fitted to the experimental data. The 
problems are solved in aquifers with homogeneous as well as piecewise homogeneous 
properties. The example problems illustrate the ease and accuracy o f using the method.
In addition to presenting a set of simulated NAPL fronts, the required CPU time 
is listed. The CPU times presented are for the assembling of stiffness matrix and solving 
the system of equations part of the FORTRAN code. The execution time required to 
read the input, define initial parameters, set initial conditions, or to output the results is 
not included. It should be noted that the times presented are the segments for which 
most of the CPU time was used. To investigate the CPU requirements when modelling 
infiltration into soils, a series o f test cases as summarized in Table 4.1 were considered. 
As the results illustrate, the CPU time decreased by a factor of 20 in moving from IBM 
4341 to IBM 3090.
Table 4.1 Comparison of CPU Times for Different Problem Sizes
Nodes
CPU Time, Sec.





The BEM is computationally intensive due to numerical evaluation of boundary 
integrals. To alleviate this problem the Complex Variable BEM (CVBEM) which has 
the advantage of analytical evaluation of the boundary integrals (Hromadka and Lai,
1987) was considered for implementation. The use of complex variables makes the 
modelling process simpler and more efficient than using real variables. The efficiency 
resulting from analytical integration allowed by CVBEM allows its implementation on 
a personal computer. However, the CVBEM was used on the main frame in this 
research. Unlike BEM, CVBEM can be applied to a two-dimensional geometry only. 
Thus these methods together provide an excellent tool to deal with various problems 
arising in groundwater contamination.
The CVBEM (Hromadka and Lai, 1987) is a new and effective modeling method 
in the field of computational mechanics and hydraulics. The CVBEM is a generalization 
of the Cauchy integral formula
function (say, potential) of the complex variable z (=  x +  i y) in a domain bounded by 
T. This formula relates the value of a function at an interior point, z, of a complex 
region to the integral of the function on the boundary. Since the potential and stream 
functions satisfy the Cauchy-Riemann equations:
they also satisfy the Laplace equation. Thus co= 4> + i \p may be used directly in 
mathematical modeling of the two-dimensional irrotational flow regime.
(1)
into a boundary integral equation method. Where oj=  </i> +  i 0 is an analytic complex
ckj) _ cty d<j) _ di|f 
dx dy ’ dy dx
(2)
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For the formulation of a computer algorithm, two basic approximations are made 
to the Cauchy integral formula; the discretization of the problem boundary and the 
representation of the exact function by a trial function for boundary integration. Usually 
a complex polynomial o f degree k is used for the trial function, Hk. In most cases k =  1, 
i.e ., a linear trial function.
In this research, however, all the modelling was carried out using BEM. Its 
development is presented next.
4.2 BEM Modelling
The model developed in chapter 2 is solved using the BEM (Brebbia et a l., 1984). 
The BEM formulation developed by Gipson [1982] and later modified by Savant-Malhiet 
[1988] is adapted to handle moving boundaries and interfaces. In this formulation, linear 
elements are used for the discretization of the boundary.
The governing equation with Direchlet and Neumann boundary conditions may 
be written, for = K ihi, as
in Q i = water, napl (3)
<!>,. = (]>,. on Tj (4)
and
on r2 (5)
where r \  and r 2 are portions of the boundary with different types of boundary 
conditions. After dropping the subscript i the weak weighted residual statement of the 
governing equation is given by
which results from minimizing the residuals by forcing their weighted sum over their 
respective surfaces of applicability to vanish. The residual is the deviation of numerical 
approximations ( A) and the specified values ( ) in the domain and the boundaries. The 
solution of this equation by boundary element methods proceeds by applying Green’s 
Lemma twice to the domain integral to form the inverse problem (Gipson, 1982). By 








the "inverse" statement can be written as
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where the Laplacian is now acting on the weighting function, Wn. No restrictions have 
been placed on the weighting function and so the weighting function is now chosen to be 
determined by
VaFFQ=6(F-FQ) (10)
such that the domain integral vanishes everywhere except at the point ?n. The solution 
defined by equation (10) is known as Green’s function (Gipson, 1982) and is the potential 
at a point f  as a result of a point source in an unbounded medium. This definition of the 
weighting function produces the basic equation used for boundary element analysis:
co^ o) + f ( - f w Q- 4 > ^ ) d r  = o. (ii)
", k on
In the above equation ~  represents the specified or the unknown values of 0 or q 
depending on the boundary type. The value of cn is determined from the Cauchy’s 
principal value integration of the domain integral in equation (9) using the solution of 
equation (10). The representation of the weighting function by equation (10) was chosen 
in order that an explicit solution for the potential, <j>, could be obtained. This allows for 
the solution of the governing equation both on the problem boundary and in the problem 
domain.
Depending on the geometry of the system, the appropriate weighting function is 
substituted in equation (11). Equation (11) is then written for each node on the 
boundary. The algebraic equation for each node will contain only the boundary
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variables. The solution of the governing equation is reduced to solving a set of 
simultaneous linear equations, involving only boundary integrals.
During the infiltration of the organic through the unsaturated zone there is no 
preference in direction for the lateral spread. Thus for a small or a circular source the 
flow may be considered axisymmetric around a vertical axis. Thus it is envisioned that 
it will be useful to develop the BEM model for flow in different domains, viz. two- 
dimensional cartesian and axisymmetric. One dimensional flow can be simulated by 
assuming the boundary parallel to the axis to be impermeable. When heterogeneities are 
present in the horizontal direction then the flow can not be considered two-dimensional 
in the vertical plane. In that case three-dimensional simulation becomes necessary. 
BEM is available in this geometry, however, its use for the moving boundary problem 
was not attempted in this research. The development o f boundary element method for 
both two-dimensional and axisymmetric geometries will now be presented. Savant- 
Malhiet [1988] has presented the required development of two- and three-dimensional 
BEM in detail. Only the salient points and further development are mentioned here for 
continuity and completeness.
4.2.1 Two-Dimensional Geometry
In two-dimensional unbounded space the Green’s function o f equation (6) is given
by
2tc
In |(*-*Q)f+(y-ya)f  |
(12)
The normal derivative of the Green’s function is
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dWQ = i (x -x D)nx+(y-yQ)ny
dn 2n  I f - r n I21 al 13)
= i (T -ran
Zn |r -fQ|2
cn is 1 if  the domain of integration does not include the source point, ? (i.e. if  f  defines 
an interior point). I f  the domain of integration includes the source point (i.e. it is on the 
boundary), then the Cauchy principal value of the singular integral in equation (7) 
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In the definition of cn, a  can also be considered the solid angle measure of the zone 
around ? outside of fl (Cheng, 1984).
The resulting integral equation then defines the potential at a point in the domain 
in terms of integrals only on the boundary of the domain. The integrals are evaluated 
by application o f procedures typically used for similar integrals resulting in finite element 
technique. The boundary is discretized into piecewise continuous segments bounded by 
nodal points. Linear interpolation functions are used to describe the dependent variables. 
Elements are numbered in accordance with Green’s lemma which requires the domain 
to be on the left side while moving along the boundary. This will require counter­
clockwise traversing in a right handed coordinate system and clockwise traversing in a
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left handed system. In simulations carried out in this work the vertical axis is considered 
positive downwards, thus rendering the coordinate system left handed.
The discretized form o f the integral equation is then written for each node on the 
boundary resulting in a set of simultaneous equations which relate the nodal potentials 
and effluxes: H $  =  G q . The elements of the H and G matrices are boundary 
integrals, evaluated using Gaussian quadrature (Abramowitz and Stegun, 1964), 
depending only on the geometry of the system.
In a well posed problem, appropriate boundary conditions include forced (<j> 
specified), natural (q specified) or mixed (a combination of <f) and q specified) conditions. 
In the work described here only the first two were considered. The above mentioned 
matrix equation can be rearranged to give
= W  • (15)
[A] is a fully populated matrix containing the appropriate term of the H or G matrix 
depending on the type of boundary condition specified, {x} is a column vector of 
unknown values o f 4> or q, {y} is a column vector of the known </> and H, or q and G. 
Gaussian elimination with full pivoting was used to solve the system of equation. Once 
the unknown values on the boundary are determined interior values can be obtained using 
simple function evaluations described in Savant-Malhiet [1988].
4.2.2 Axi-Symmetric Geometry
The development in this section is based on Brebbia et al. [1984] and Liggett and 
Liu [1983]. In the axi-symmetric unbounded space (r,z), the basic equation used for 
boundary element analysis is given by
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c a ~ dWa 
cq*(?q) + J ( - f W a-<P-^-)rdT  = 0. (16)
and correspondingly, the Green’s function of equation (6) is given by
(17)
where K(m) is the complete Elliptic integral of the first kind and,
a + b (18)
a = r£ + r  2+(z-za)z
The parameter m varies between 0 and 1. Unlike the two-dimensional case, the axi­
symmetric fundamental solution depends on the distance of the points to the axis of 
revolution. The normal derivative of the Green’s function is
where E(m) is the complete elliptic integral of the second kind. cn is defined by equation 
(14). The elliptic integrals are approximated by polynomial expressions (Abromwitz and 
Stegun, 1964). After substituting equations (18) and (19) into equation (16) the solution 
of the resulting equation is carried out by using the same basic calculation procedures as 
the two-dimensional geometry.
(r ~rQ )nr + ( z - z a )n z 
(a-b)(a+ b)2
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4.3 Influence of Oil Saturation on the Relative Permeability
NAPL infiltration in the porous media is very sensitive to effective conductivity 
of NAPL (equation 2.3). One of the parameters defining this effective conductivity is 
the relative permeability of NAPL at a given saturation. In this section, based on the 
Brooks and Corey [1964] correlation of lq(0, 0ir)
K
( d  - 0 . \-?+3 o ir
e -0 .
(20)
the relative permeability variation with the oil content, 0O and irreducible oil content, 0ir 
in the range of interest is analyzed. Porosity, e, of 0.4 was assumed during the analysis. 
It was discovered that Iq is very sensitive to oil content and almost insensitive to the 
irreducible oil content.
The value of b is 2.8 for most sands, which gives exponent to be 3.714. The 
relative permeability values are tabulated for a typical range of 0o, and 0ir. When 0O was 
changed from 0.275 to 0.3, a typical range during the experiments, lq increased by 38 
and 64%, respectively, for 6ir o f 0 and 0.1. The corresponding increase was 48% for 
0ir of 0.05.
In addition, the ratio k^/0 was analyzed because it is used in the evaluation of the 
interstitial velocity. Its values are also tabulated for a range of 0O, and 0ir. As expected, 
its sensitivity with oil content is less than that of Iq.
A differential analysis o f the above relative permeability equation showed that at 
60 of 0.27 and 0ir of 0, a 0.01 increase in 0O produced 14% increase in lq. The 
corresponding increase would be 17% for 0ir of 0.05.
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Table 4.2 kr as a Function o f 0o and 6ir
0.2 0.225 0.25 0.275 0.3 0.325 0.35
0 0.0762034 0.11802 0.174541 0.248674 0.34354 0.46247 0.609001
0.025 0.0589782 0.0968441 0.149987 0.221818 0.316031 0.436592 0.587737
0.05 0.0429867 0.0762034 0.125129 0.193793 0.286603 0.408332 0.564105
0.075 0.02876 0.0566067 0.100348 0.164775 0.255194 0.377411 0.537708
0.1 0.0169033 0.0387164 0.0762034 0.135087 0.221818 0.34354 0.508067
Table 4.3 kJ0o as a Function of 6a and 0ir
eir
e0
0.2 0.225 0.25 0.275 0.3 0.325 0.35
0 0.381017 0.524533 0.698165 0.90127 1.14513 1.42299 1.74
0.025 0.294891 0.43M18 0.599948 0.806611 1.05344 1.34336 1.67925
0.05 0.214934 0.338682 0.500515 0.7047 0.955343 1.2564 1.61173
0.075 0.1438 0.251586 0.401392 0.599181 0.850648 1.16126 1.53631
0.1 0.0845165 0.172073 0.304814 0.491227 0.739394 1.05705 1.45162
4.4 Homogeneous Medium
The simplest subsurface configuration is the one with homogeneous and isotropic 
properties. In this case the BEM model developed above may be implemented directly 
as follows.
4.4.1 Equation Development
Our interest lies in the extent of contamination, i.e. the location of the moving 
organic phase boundary. Such problems in which the movement of the boundary is 
followed have been studied as moving boundary problems. Due to relatively slow 
movement of organic in the subsurface, the front movement can be assumed quasi-steady.
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The front is moved based on calculated flux at each node every time step. Initial 
numerical experiments with this algorithm for the progression of moving boundary 
indicated that a semi-implicit scheme of time stepping will result in a stable front. It was 
later discovered that an adaptive node spacing scheme provided a stable front and also 
reduced CPU time by 50% as compared to the implicit scheme.
The governing equation is
Although time does not appear explicitly in this equation, potentials are a function of 
time, since as the front moves, the distribution of fluids in space changes. To be able 
to solve the problem, we need to define a front function and move it through the domain. 
In other words, if  xf is a vector representing a point on the front at time level t„, then the 
coordinate at time t„+1 is given as:
where vf is the front velocity vector and A t=tn+1-tn. At a given location of the front, the 
flow is treated as steady, due to the assumption of incompressible fluids. When the front 
moves, a new distribution of fluids is achieved and a new quasi-steady pressure or head 
field is assumed.
The movement o f front nodes are calculated by
v(/fv/o= o (21)
* A +i) = xf (tn) + vf At (22)
ds ds dx | ds dz






where s(x,z,t) is an arc function. The right hand side is nothing but the component of 
the potential gradient along the outward normal, a direct result of the BEM solution.
Equation (4) is solved using BEM for two-dimensional boundary value problems 
(Brebbia et al, 1984). The application of Green’s theorem and boundary discretization 
gives:
+ = 0 (24)
where C and the matrices G and H depend on the geometry of the system.
4.4.2 Semi-implicit M ethod
Kemblowski [1985] used the BEM with implicit scheme to solve for the motion 
of salt-water interface. The implicit scheme was used because the explicit scheme caused 
instability of the numerical solution. Similar problems were identified during the early 
stages of this work. With the application of the implicit scheme, the numerical procedure 
for each time step k consists of:
1) Solve equations (24) subject to boundary and initial conditions (equations (3) 
and (4)). As a result obtain the values of the potentials and their normal 
derivatives in each zone at time k.
2) Move the free surface temporarily according to the fluxes calculated at time 
k. Save the original position of the front and the normal derivatives at time k.
3) Form and solve equations (24) subject to boundary and initial conditions 
(equations (3) and (4)) for this temporary position. As a result obtain the values 
o f the potentials and their normal derivatives in each zone at time k-t-1.
4) Calculate the value o f fluxes using the implicit scheme
where w is the weighting factor. Then move the interface from its position at 
time k to a new position at time k-f-1.
Liggett and Liu [1983] analyzed the accuracy and stability of the time dependent 
free surface calculations for a two-dimensional problem and found that 0.5-0.7 is an ideal 
range for cj to prevent numerical distortion of the solution. Thus a value of 0.6 was used 
during the calculation o f the interface position.
The implicit method requires computation of fluxes twice for each time step. 
During simulations it was observed that the fluxes computed at consecutive small time 
steps were almost the same implying that the cause of front instability was the geometry 
of the ATF front rather than inaccuracy arising due to large time-step. Thus after 
calculating fluxes at a given time step, the front was advanced in smaller time steps so 
that at each movement, the approximated normal is truly normal to the plume boundary 
at a given point. The calculation of the pressure or head field and thus the NAPL 
infiltration velocity was calculated on a much larger time step. Advancing the front in 
small time steps had the advantage of eliminating the need for an implicit scheme of flux 
calculation and repeated node redistribution. BEM equation formation and its solution 
being the major computational drains, this sub-stepping resulted in approximately 50% 
reduction of computer time compared to an implicit scheme. Kemblowski [1985], and 
earlier Liggett [1977], had restricted the movement of the material surface nodes to only 
the vertical direction, whereas this work does not place any such limitation.
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4.4.3 Adaptive G rid  Scheme
Experimentation with node spacing showed that placing more nodes in a high flux 
or high curvature area improved the accuracy of the prediction. An adaptive grid is then 
useful where one may fix the number of grid points but adaptively move the grid points 
so that the solution behavior in layers and near singularities is well modelled. Carey and 
Kennon [1987] extended their earlier work on grading functions for one-dimensional 
problems to the boundary contour and mesh in a boundary solution method. Important 
features of their work were the determination of a grading function for the curved 
contour, solution of the boundary equations with mesh adjustment and preservation of the 
geometry as the mesh is redistributed. A summary o f the application of their approach 
to this problem is given below.
First parameterize the boundary so that the grading function, £, is single valued. 
The arc length, s, along the boundary contour is a natural choice and may be introduced 
as a new co-ordinate variable which effectively maps the boundary contour to a one­
dimensional domain, O^s^S, S being the total arc length of a given segment. This yields 
a single-valued representation with x=x(s) and y=y(s), the coordinate functions defining 
the boundary. Let xh(s),yh(s) denote the approximation to the boundary curve and define 
the error vector as
e(s) = (x(s) - x h(s), y ( s ) -y h(s)) = (ew ,e M) (26)
The L2-norm of the error becomes
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Mlo = Ilo ilo lo (27)
Define a grading function £(s) such that for node i in the discretization we have
Then the transformation satisfying this property equally distributes the nodes. That is, 
a uniform mesh in the new variable is transformed into an appropriate graded mesh in 
the original (x,y) coordinate such that the error is minimized in the L2-norm.
In BEM we are interested in a grading function for piecewise polynomial bases. 
For a linearly interpolated boundary an appropriate grading function was found to be 
(Carey and Kennon, 1987),
si; the arc-length till node i, was adjusted using Newton-Raphson iterations to satisfy the 
previous equation for each node as follows. From equation (28) we can see that s; is the 
solution of the (generally nonlinear) scalar equation,
(28)
[{x" )2 + {y" )2]0'2 ds
(29)
(30)
then for the j 11 iteration, to determine si(i+1)
where
Thus the algorithm of node redistribution is that for each grid point on the 
boundary contour, the location of the grid points are adjusted as determined by the 
grading function property in equation (28) and (29). In the moving boundary problems 
solved in this research only the nodes on free surfaces were redistributed. Each moving 
segment on the boundary was considered separately.
4.4.4 Program Implementation
After discretization, the elements are numbered in accordance with the 
conventions of Green’s theorem. There are 2N unknowns on the boundary of N nodes. 
These N nodes give rise to N partial differential equations. From the boundary condition 
N  values are known. This balance shows that there are N unknowns and N equations 
to be solved.
In order to accommodate the vagaries of numerical problems, the transient moving 
boundary simulation was equipped with interactive capability. With this interactive 
nature of the program the time step and the number of time-step divisions could be 
changed. This allowed using large time steps even when the curvature o f the free 
boundary was large. Graphics routines of GDDM graphics package were called to 
display the front at desired times. When the graphics are displayed, current situation can
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be stored by calling Interactive Chart Utility (ICU). In ICU data could be saved for 
later display, or visually compared with the experimental plume boundaries. Another 
useful feature was that window size of graphics could be changed so that areas of interest 
could be viewed more closely or, if desired, complete pictures could be seen.
The program was also equipped with a cold start facility; i.e. one can stop at any 
intermediate time, make required changes in data and restart. It allowed considerable 
saving o f computational time. Initially the NAPL occupied a small area so that only a 
small number of nodes was necessary. After infiltrating for some time when the moving 
boundary became large more nodes were necessary to maintain the correct geometry and 
the accuracy of the solution. In this case the current situation was written out in the 
format required for data input file. Program was exited. Nodes were added in data file 
where necessary and simulation begun from that point on. The same idea was useful in 
the layered media simulations or water table interactions. When the NAPL plume 
approached heterogeneous boundary the plume profile could be written out and another 
zone added to the data. Thus beginning simulation from that point on.
4.4.5 Numerical Simulation
In this section the numerical simulation is carried out. First an example problem 
is considered. Later, the model predictions are compared with the results obtained from 
a NAPL infiltration experiment carried out in a two-dimensional flume.
4.4.5.1 Example Problem
The infiltration of Automatic Transmission Fluid (ATF, p = 0.87 g/cc, v = 60 cSt) 
from a continuous source at the surface of a sandy soil (1^=  0.126 cm/min, e= 0 .4 ,
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0wr=O. 1) is simulated in this example. A ponded depth of 5 cm is maintained at the soil 
surface. Contaminant migration was simulated in a homogeneous aquifer having a 
horizontal impermeable boundary 75 cm below the contamination source. Tangential 
movement of nodes was included in the simulation. Thus on the impermeable surface 
tangential movement of the nodes was possible. At each time step the front was moved 
in 5 to 50 substeps to prevent geometrical distortion as explained before. Larger 
substeps were especially useful during contaminant spread on the impermeable surface. 
As mentioned above, the time step and its subdivisions could be changed interactively 
during the simulation. Using the cold start facility nodes were added to the moving 
boundary during simulation due to its increase in size. At the final time step shown 176 
nodes were used whereas only 55 nodes were adequate at the start.
Figure 4.1 shows simulated ATF fronts at various times. After initial lateral 
spreading, the plume width remained unchanged until the front touched the impermeable 
surface and began spreading. Use of adaptive grid and time step subdivision enabled the 
use of large time steps. Simulation of NAPL migration while away from the 
impermeable surface could be accomplished using a 15 minute time step. During the 
NAPL spread on the bottom 5 minute time stepping was used. This further increased 
computational saving because most of the computational effort goes into setting up the 
system of nodal equations and solving them.
4.4.5.2 Comparison with Experimental Results
In this section, BEM model was used to simulate the experiment described in sec. 
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Simulation of ATF Infiltration in a Homogeneous Porous 
Medium with an Impermeable Stratum at 75 cm.
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contaminant source was simulated. The experimental parameters are shown in Table 4.4. 
Earlier, Table 3.4 showed the variation of oil content with time as calculated from the 
soil volume occupied by the plume at a given time. It was observed that the oil content, 
0o, decreased by a small amount as the infiltration progressed. If  the model simulation 
uses an oil content larger than actual then underpropagation will be predicted. In the 
simulation an oil content of 0.3, as obtained from independent measurements shown in 
Table 3.2 was used.
Fig. 4.2 shows the graphical comparison of the predicted ATF fronts with the fronts 
obtained during the experiment. The experimental front at 1.5 min. was used as initial 
condition. In the experiment a very homogeneous packing was achieved. The plume 
width had stabilized at 35 cm. Considering the assumptions made in the model 
development the predicted results are in a very good agreement with the experimental 
ones. The simulated migration was found to be very sensitive to the boundary conditions 
specified at the oil-pond. The sensitivity was higher for the boundary condition on the 
sides o f the pond. In addition a slight shift in the positioning o f the ATF pool during the 
simulation became magnified at large times.
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Fig. 4.2 BEM Model Simulation of ATF Infiltration in a 
Homogeneous Medium Bounded by a Horizontal Water 
Table at the Bottom (Dashed Lines). The Prediction is 
Compared with Experimental Results (Continuous Lines)
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4.5 Layered Medium
It is very common to find soils with several strata o f different permeabilities. In 
this section modeling NAPL infiltration into such a porous medium is investigated.
4.5.1 BEM  Equation Development for M ultiple Zone
Consider a problem domain defined over a region which is piecewise 
homogeneous as shown in fig. 4.3. The governing equation for this type of problem is
in each region. Therefore, the boundary element analysis requires separate 
discretization o f each region. At the interface between the different materials, the
surface (i.e. the fluid particles which, once on the interface, will remain on it unless they 
leave the system). Therefore the material derivative o f the interface equation is equal 
to zero (Bear, 1979). At these nodes the front must satisfy two conditions which 
mathematically can be stated as
V2</> = 0 (33)
elements describing each region share common nodal points. The interface is a material
(34)
P 1 P i  +Pcl2 (35)
that is,
+z,) = pm g{4>? +z,) +pcl2 = j (36)
Let
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( int erface )
Fig. 4.3 BEM Equation Development for the NAPL Flow through > 
a Heterogeneous Medium (after Brebbia et al., 1984).
f
In the above equations, subscript I represents the interface and 1 and 2, 
respectively, represent the regions. The first condition requires that the flux of material 
out of region 1 must equal the flux into region 2. The negative sign in equation (32) 
represents the direction of the outward normal on the interface for each region. Second, 
the pressure difference must equal the capillary pressure that marks the interface between 
the two fluids. For constant saturations of fluids 1 and 2 we have constant capillary 
pressure (pcl2 =  p2-pi) at the interface. Note that equation (36) reduces to familiar 
interface conditions in special cases. In the situation where the capillary pressure across 
the interface is zero, equation (36) becomes equivalent to having equal pressures across 
the interface. Further, if the same fluid is present across the interface, as is the case in 
the situations of NAPL infiltration into a layered medium, equation (36) reduces to the 
equal potential boundary condition.
Using BEM discretization, a system o f equations for each region is obtained. 
These systems of equations are combined by applying the conditions presented in 
equations (34) and (36) and representing the fictitious interfacial potential and flux by 
and q,, respectively.
For region 1 equation (22), after absorbing C in matrix H, in the matrix form 
may be written as
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and after substituting capillary pressure condition may be rearranged as
f f ®
Similarly for zone 2,
p®
0®
, ( 1)<P1 [ G “’ G“ ] { I ” }  + H">z/
J (2)9i
■ =  [ G <2> G « ]  | j ° j  +















Solution o f this system of equations directly provides the potential and fluxes which are 
then used to move the free boundary.
Some researchers have handled heterogeneity (not in a moving boundary problem) 
in such a way that interface fluxes are not a part of solution and are calculated later as 
internal point fluxes. This could have been useful for a fixed interface case such as 
layered media, lenses etc. However the interface still had to be discretized and 




Each zone is discretized. The nodes on the interface are numbered twice, once 
in each zone. The elements are numbered in accordance with the conventions of Green’s 
theorem. If  N  is the total number o f nodes, we have 2N unknowns, N  partial differential 
equations, N-2I known values on the boundary and 21 interface conditions. This balance 
shows that there are N + 2 I unknowns and N + 2 I equations to be solved.
4.5.2.1 Contact Point Movement
A contact point is a node where the interface meets the free boundary. In 
simulating the infiltration across the porous media interface the contact points were 
moved along the interface. The fluxes calculated by BEM in case of rectangular 
geometries with multiple zones showed that the value corresponded to the flux in the 
direction normal to boundary nodes adjacent to contact point in either zone. Therefore, 
normal direction at the contact point was defined as normal to the line joining the 
adjacent points in each zone.
Fluxes were averaged at the contact points. At the other comers (geometric 
singularities) the fluxes of adjacent nodes were used. These decisions were based on the 
results of simulations in simple rectangular geometries. Since the nodes were not 
redistributed during substeps, this averaging was necessary only at each major time step.
4.5.3 Numerical Simulation
In this section the model prediction is compared with the experimental results 
described in sec. 3.2.2. Before the front reached the layer interface the single zone 
problem was solved. When the front reached or was very close to the interface the
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situation at that time was written out and a two zone input data file was created and the 
simulation was continued from that point on. The nodes on the interface were moved 
by linear interpolation at every step.
4.5.3.1 Comparison with Experimental Results
Coarse and fine sands used for the experiment were 375 and 366 Texblast sands 
with ATF conductivities of 1.09 and 0.264 cm/min, respectively. Oil content o f 0.27 
and 0.21, respectively were used. Oil relative permeability was calculated using Brooks 
and Corey correlation to be 0.249 and 0.165, respectively.
Fig. 4.4 shows the comparison of the model prediction with the experimental 
results. The model successfully predicted the behavior observed near the porous media 
interface, located 16.0 cm below the ATF source. As the ATF front crossed the 
interface of coarse medium overlying the fine one, the movement was accelerated due 
to the higher capillary suction in the fine grained zone. This prompted more lateral 
migration. Later due to lower conductivity of the lower medium, the infiltration slowed. 
This caused further lateral spread at the interface.
According to the model, the plume touched the layer interface, at ten minutes 
which is accordance with the experiment. Allowing the front to cross the interface a 
little, the current situation was written out. The data were then converted to the form 
amenable for two-zone simulation by introducing the nodes along the layer interface, 
renumbering the nodes and elements, and providing the required physical properties such 
as conductivity and capillary suction in the second zone. Contact-point movement was 
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Fig. 4.4 Comparison of the BEM Model Prediction with the 
Experimental Results of the Layered Media Experiment. 
Dashed Lines Are Model Prediction and Continuous Lines 
Are Experimental Fronts. Fronts Are Shown at 2, 11, 17, 
25, 35, 45 and 55 minutes.
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time-step. This was done by dividing the interface in three segments. The nodes in the 
central segment were twice as far apart as those on the end segments.
4.6 Localized Heterogeneities (e.g. Lenses)
It is very common to find lenses of low permeability, say clay, in the subsurface. 
Their effect on the migration o f NAPL plume was studied. While away from the lens, 
NAPL infiltration may be expected to be the same as in a homogeneous medium. Upon 
reaching the low permeability lens it will tend to pool over it and spread sideways. 
Finally when the ends of the lens are reached further vertical migration will continue. 
A simple case of rectangular lens placed exactly under the contaminant source was 
considered. Mathematical development in this case is the same as in the layered media 
case, because in both cases a fixed interface is encountered.
4.6.1 Numerical Simulation of an Example Problem
For simplicity the lens was assumed to be relatively impermeable, so that nodes 
move along the surface of the lens upon arrival. In that case the problem could be 
solved as a single zone problem. When a moving node was close to the impermeable 
surface, the program changed its boundary condition to that of no-flux. Tangential 
movement along the impermeable surface was allowed. Thus when the node left the clay 
surface the program changed back the boundary condition of the node to that of free- 
surface.
In a more complex scenario, an impermeable boundary was placed some distance 
below the clay lens. As expected the NAPL began spreading laterally. This example
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illustrates the capability of the moving boundary simulator to be able to deal with 
complex subsurface geology. Simulated fronts are shown at various times in fig. 4.5.
4.7 W ater Table Interaction
When an infiltrating LNAPL comes in the contact with the underlying water table, 
migration of the LNAPL is retarded. This causes it to spread laterally along the water 
table. In the process the water table is also suppressed. In the event o f a sloping water 
table the LNAPL continues to migrate along the direction of the water table gradient. 
These phenomena were observed in the model simulation carried out for comparison with 
the sloping water table experiment described in section 3.3.1.
4.7.1 Num erical Sim ulation fo r Com paring with the Experim ent
In the numerical simulation carried out, the initial water table profile was 
calculated based on the Dupuit-Forcheimmer assumptions. The capillary fringe height 
was equal to the water capillary suction head. This profile was then used as input to 
BEM and a steady state capillary fringe profile was obtained. The width of the aquifer 
chosen was larger than the flume used in the experiment. This made it possible locate 
numerical singularities, arising at the ends of the aquifer, away from the NAPL plume.
Based on 0O of 0.26, using Brooks and Corey equation, the o f 0.3838 was 
calculated. This resulted in the effective ATF conductivity of 0.1013 cm/min. Capillary 
suction heads of 6.7 and 5 cm were used for water and ATF, respectively. While away 
from the water table a time-step of one minute was used. At 77 minutes the ATF plume 
crossed the steady state capillary fringe. After two more minutes of simulation, the front 
profile was written out. Using this plume profile and the steady state capillary fringe,
78












3  0 302 0 1 0 0 1 0
Fig. 4.5 Simulation of ATF Infiltration in a Heterogenous Porous 
Medium Having a Clay Lens and Bounded with an 
Impermeable Stratum at the Bottom
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a two-zone input data was created. The part of the ATF plume that was below the 
capillary fringe was now the water-ATF interface.
In the two-zone simulation with a flexible interface, the contact points needed 
special attention. Water surface, ATF surface and the water-ATF interface meet at the 
contact point. As the ATF infiltration continued, ATF began to spread on and later 
migrate along the water table. When any two of the three boundaries meeting at the 
contact point came closer than a predefined tolerance (0.5 cm, in this simulation) the 
boundaries were merged. In addition, due to large curvatures of plume near the contact 
point the number o f time-step divisions were increased to 100. Fig. 4.6 shows the 
comparison o f the BEM model simulation with the experimental fronts at 10, 30, 60, 77, 
120, 150, 180 and 240 minutes. As can be seen the model prediction is very good.
4.8 Conclusions
Two-dimensional unsaturated infiltration into a shallow water table, residually 
water saturated aquifer was modelled using laboratory based hydraulic model parameters 
and sharp infiltration front assumptions. It was also assumed that the residual water in 
the pores remained immobile during the infiltration event. These assumptions were 
verified using dye studies and gamma-ray attenuation measurements.
BEM was found to be a very useful tool for solving such moving boundary 
problems. Its economy was enhanced with the use of an adaptive grid algorithm which 
increased its accuracy while allowing simulation with a smaller number o f nodes. BEM 
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Fig. 4.6 Comparison of the BEM Model Prediction with the 
Experimental Results of the Sloping W ater Table 
Experiment. Dashed Lines Are Model Prediction and 
Continuous Lines Are Experimental Fronts. Fronts Are 
Shown at 10, 30, 60, 77, 120, 150, 180 and 240 minutes.
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migrating front on a much smaller time scale than the calculation of the pressure or head 
field and the resulting front velocities.
ATF infiltration into a homogeneous and layered porous media was predicted 
using the numerical simulator. In addition interaction o f the ATF plume with a 
horizontal and sloping water table was also simulated. Location of ATF boundary at 
various times was compared with those observed in the experimental work. The 
agreement was very good considering the fact that the model parameters were measured 
separately or obtained using general correlations. The disagreement in some cases can 
be attributed to the fact that the organic relative permeability is very sensitive to the 
organic volumetric content. The sharp front assumption implies constant organic content 
behind the front. In that case, slight difference in the organic content from that during 
an experiment would cause a large difference in the model prediction.
Chapter 5
TH E INFLUENCE O F  MASS TRANSFER LIMITATIONS ON TH E 
EFFECTIVENESS O F  IN-SITU CONTAMINANT EXTRACTION
5.1 In troduction
Soil vacuum extraction and other in-situ extractive technologies are very attractive 
remediation alternatives for contaminated soil. Their effectiveness is dependent, 
however, on the ability to mobilize the contaminants with an appropriate solvent and 
transport that contaminant to a withdrawal point. During soil vacuum extraction, air is 
pulled into the unsaturated zone by drawing a vacuum on a well. The volatile 
contaminants are stripped from the medium by passage of the air and withdrawn at the 
vacuum well. During ground water extraction, water containing the contaminants is 
withdrawn, treated and then returned to the subsurface. During in-situ soil flushing or 
solvent extraction, the solvent is injected at one or more wells and withdrawn with the 
contaminants at other wells.
Successful application o f in-situ extraction technologies requires:
1. appropriate solvent selection,
2. sufficiently permeable media,
3. effective flushing of the entire contaminated zone, and,
4. effective transport of contaminant to withdrawal point
The last two requirements recognize that short-circuiting o f the solvent flow or mass 
transfer limitations either in the contaminated zone or between the contaminated zone and
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the withdrawal point significantly reduce the economic applicability of the process 
(Mercer et al., 1990). Only the relatively slow process of diffusion can leach 
contaminants from contaminated zones that are inadequately flushed by the mobile 
solvent phase. Diffusion controlled adsorption and desorption in the region between the 
contaminated zone and solvent withdrawal point can also slow the net rate of extraction 
of the contaminant. Diffusion controlled transport zones can exist on the microscale and 
be associated with inadequately flushed regions at the pore or particle level. 
Alternatively, these zones can exist on a larger scale associated with solvent flow 
channeling through the subsurface formation.
Free phase contaminants in the source zone can pose the greatest resistance to 
extraction (Hunt et al., 1989). Long after their introduction to the soil, free phase 
material is present as a discontinuous residual, or ganglia, that is largely immobile and 
contaminants must be leached from this phase by the mobile solvent phase. For impure 
free phase material, both internal and external mass transfer resistances can occur. Since 
the free phase residual is immobile, internal resistances are associated with diffusion to 
the residual surface and therefore increase as the characteristic size of the residual 
ganglia increases. External resistances can be associated with both pore level and 
macroscale poorly flushed zones. In a homogeneous bed of spherical particles, 
correlations exist which predict the external mass transfer resistances (Pfannkuch, 1984). 
In a heterogenous system, the external resistances are dependent on the characteristic size 
of the poorly flushed zones.
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In the transport zone, between the contaminated source area and the withdrawal 
point, the solute can also partition into immobile dead zones at the pore level or larger. 
For sorbing contaminants, intraparticle diffusion can provide an additional resistance. 
Pore or particle level mass transfer resistances include diffusional resistances within the 
pore spaces o f the particle as well as diffusion resistances in any immobile fluid at the 
surface or in the adjacent pore space. Since water tends to wet the soil surface, a thin, 
essentially immobile, water film should exist which will tend to separate the extracting 
phase from the soil particle surface. Transport of a sorbing contaminant from the 
extraction phase to the soil particle or vice versa must occur via diffusion through this 
water film. This concept has been used by Reible and Illangasekare [1988, 1989] and 
Kemblowski [1989] to evaluate mass transfer rates at the pore level. This concept will 
be explored further here.
The purpose of the present paper is development o f a model capable o f exploring 
the effect of these mass transfer limitations on in-situ extraction efficiency. To focus on 
the effects of contaminant partitioning between mobile and immobile phases, a finite 
contaminated source area in either the mobile or immobile phases will be assumed to 
exist at the origin. An extraction fluid withdrawal well is assumed located at a distance 
of 10 m away. Contaminant partitioning between the extraction fluid and stagnant 
regions takes place within this transport zone. For the purposes of the present paper the 
rate of contaminant partitioning is modeled as a quasi-steady diffusive process over a 
length scale characteristic of the system heterogeneities. Mass transfer resistances of 
three types of subsurface configurations will be evaluated. These are:
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1. An essentially homogeneous soil system composed of porous particles or in which 
particles may be wetted by an essentially immobile film of water. The diffusive 
length scale is characterized by the film width (of order 10 jum) or particle radius 
(of order 100 yum). This situation should be least influenced by mass transfer 
resistances.
2. A heterogeneous soil system composed of heterogeneities of various sizes. For 
the purposes of this paper, the heterogeneities can be characterized by a constant 
diffusion path length. Diffusion path lengths were selected to be 1 cm and 100 
cm.
3. A layered soil system, initially with a dissolved phase contaminant present in 
adjacent layers, one of high and the other of low permeability. The effective 
diffusion path in the low permeability layer is assumed to be identical to those 
used in Case 2, 1 cm and 100 cm.
These systems will serve to develop the model and illustrate some of the 
implications of mass transfer resistances on in-situ extraction o f subsurface contaminants. 
The effectiveness of three different solvents for removing three different contaminants 
will be evaluated. Air, water and octane will serve as solvent fluids to model the 
behavior of vacuum extraction (unsaturated zone), ground-water extraction (saturated 
zone) and solvent flushing (unsaturated zone), respectively. Benzene, xylene and PCBs 
will serve as the model contaminants to provide a wide range of vapor pressures and 
solubilities. The behavior of each of these compounds in an in-situ treatment system
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using each o f the three solvents in each of the three soil environments will be 
investigated.
The paper is purely theoretical in nature and can’t hope to explain any observed 
phenomena without more supporting data. Its purpose, however, is to develop a possible 
explanation for two observed phenomena. The first is the field scale observation that 
groundwater pump-and-treat and soil vacuum extraction systems often are far less 
effective than initial field and modeling data might suggest. This has often been blamed 
on mass transfer limitations in these systems (e.g. Mercer et al.,1990 and Sykes, 1989). 
The second is an observation in our own laboratories that the partitioning of a water- 
insoluble dye between a soil phase and a nonaqueous phase is strongly dependent on 
initial soil moisture (Reible and Illangasekare, 1989a and 1989b). If a dyed nonaqueous 
phase is introduced to a soil column containing dry media, sorption is essentially 
complete and instantaneous. I f  the dyed nonaqueous phase is introduced into a column 
residually wetted by water, sorption of the dye is essentially negligible and the dye 
moves with the velocity of the nonaqueous phase. In this paper the presence o f a thin 
film of water on the soil surface is hypothesized and evaluated as a source of the limited 
transport in the wetted media.
5.2 Model Development
Dispersion as a result o f mechanical processes in each of the three cases will be 
neglected. For cases 1 and 3 in which the extracting fluid flows only through a high 
permeability, essentially homogeneous medium, mechanical dispersion should be small. 
In addition, the neglect of dispersion prevents aliasing of the effects of mass transfer
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limitations. For simplicity the flow will be assumed one-dimensional (horizontal) with 
mass transfer from and to "dead zones" in the vertical direction. In this manner, the 
mass transfer from the inadequately flushed zones can be modeled as a source term in 
the governing equations. In this paper only first order source or decay terms associated 
with mass transfer will be considered.
Let us first consider a mobile extracting phase with contaminant concentration C, 
mg/1, moving above a continuous surface that represents the collection of soil particles. 
The system is illustrated in Fig. 5.1. Let us assume that there exists an adjacent 
immobile or poorly flushed zone that contains contaminant at concentration q, g/g. The 
mass transfer between the immobile and mobile phases is modeled by a mass transfer 
coefficient, k, or alternatively by diffusion through an effective film distance, 5. The 
film will generally be immobile water with a partition coefficient, Kim, between the solid 
or nonaqueous phase (NAPL) source of contaminants and water, and a partition 
coefficient, Km, the mobile solvent phase and water. If  the stagnant zones contained 
contaminant dissolved in water and water were used as the extracting fluid (groundwater 
pump and treat system), both partition coefficients would be unity. If air or a 
nonaqueous extraction phase were used for removing contaminants in a residually wetted 
unsaturated zone, however, both coefficients would differ from unity. The transient mass 
balance on the solute in the mobile extraction phase accounting for advection in the x- 
direction (horizontal) and mass transfer between the mobile fluid and the 
immobilesoil/NAPL and/or water film can be written
Immobile PhaseMobile Phase 
(Extraction Fluid) Water Film
Fig. 5.1 Conceptualization of "Film" Mass Transfer Resistance 
Defining Nomenclature.
with the accumulation or mass balance in the immobile phase being given by
9 b %  =  G ( ^ C /  "
(2)
In these equations, subscript f  refers to film and a is the mass transfer area per unit 
volume given approximately by I'1 where 1 is a characteristic dimension of the system. 
In rectangular geometry, 1 is simply the thickness of the unflushed zones or the diffusion 
path. ka and kd represent the rate of adsorption and desorption to and from the unflushed 
zone, respectively. pb is the bulk density of the immobile zone and e is the soil porosity. 
If the entire mass transfer resistance is across a water film with the previously defined 
partition coefficients between it and the mobile and immobile phases, equation (2) can 
be written
The quantity a, aDw/5Km in equation (3) defines the characteristic rate of 
exchange between the mobile and immobile phases and a time scale, r , can be defined 
as its inverse. It can also be combined with the extraction fluid velocity to define a 
distance scale, ij = v r. Writing the contaminant balance in the immobile phase in terms 
of variables nondimensionalized by these scales,
(3)
Km
= « (C  -  # ——) 
K-
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—  +Aq=BC (4)
dx
and, similarly, for the mobile phase,
—  +—  +DC=Eq (5)
3t 0rj
Here the parameters A, B, D and E are defined as,
B = —  D = 1 E = (6)
P* Z* Pb Kim
Thus the model of the concentrations in the mobile and immobile phases during the 
extraction operation can be found by solving a first-order hyperbolic partial differential 
equation system. As indicated previously, the model neglects axial diffusion and 
dispersion but this allows the discussion to remain focused on the effects of the mass 
transfer resistances.
The model will be solved for three different physical configurations, 1) a 
homogeneous system with microscale mass transfer resistances, 2 ) a heterogeneous 
system with a macroscale diffusion resistances, and, 3) a heterogeneous layered system. 
These cases are illustrated in fig. 5.2. Each of these cases is discussed in more detail 
below.
5.2.1 Case 1. Homogeneous System with Microscale Resistances
Two types of microscale resistances will be considered. If  there exists a 
significant porosity in the soil particles, intraparticle resistance characterized by a 
diffusion path of the order of the particle radius can be important. In addition, most soil
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Fig. 5.2 Conceptualizations of Three Cases o f Mass Transfer 
Limitations.
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particles tend to be wetted by water, creating a thin film of essentially immobile water 
on their surface. Thus even if  the pore space is effectively flushed with solvent and if 
there are no intraparticle resistances, there still exists the potential for mass transfer 
resistances between the pore fluid and the soil particle. An estimate of the thickness of 
this water film can be made by considering the water retained in a drained soil in the 
unsaturated zone. If the soil matrix is composed of spherical particles, the water film 
thickness is given by
5 = ^ - ^  (7)
6  ( 1 -e)
For sand grains of 0.3 mm diameter (dp) with a soil porosity (e) of 40% and a residual 
volumetric water content 0 W of about 1 0 %, this suggests a film thickness of about 1 0  /j.m. 
Again, due to the wetting of the soil surface, there probably exists an essentially 
immobile water film of this order of magnitude whether the soil particle is in the 
unsaturated or saturated zone. With a typical water phase diffusivity of about 1CI5 
cm2/s, this corresponds to a characteristic diffusion time of about 0.1 s. Although the 
diffusion time is very rapid, if the capacity of the soil particle for the contaminant is 
large and its solubility in the water film small, the system can be severely limited by the 
rate o f transport through this film.
Intraparticle diffusion resistances are associated with transport in the finest pores 
of the medium. Because of the wetting properties of water, these pores are likely to be 
filled with water indicating a water diffusivity corrected for tortuosity and porosity is 
applicable. In addition, transient intraparticle diffusion of a hydrophobic organic is
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retarded by sorption onto the organic matter in the soil. For a particle size of order 100 
nm , the characteristic diffusion time might be of order 1 0 - 1 0 0  seconds for a nonsorbing 
organic compound and of order hours to days for PCBs.
5.2.2 Case 2. Heterogeneous System with Macroscale Resistances
If  the permeability variations in the media are such that large volumes of soil hold 
essentially stagnant contaminated fluid, the rate of uptake by an extracting fluid phase 
will be severely limited. Mathematically, the system under consideration here is 
equivalent to that of case 1 except that the porous media is composed of large "particles" 
with significant intraparticle diffusion resistances. For movement through many such 
particles between the contaminant source area and the withdrawal well, their size must 
be much less than the total transport distance. The dispersivity of a medium, which is 
an indication of the characteristic scale of the medium heterogeneities, is often estimated 
as 10% of the total travel distance (Mills et al., 1985). This will be used as an upper 
bound of the diffusion path through the particle clusters under consideration in this 
section. A diffusive length scale of 1 cm, 100 times larger than the characteristic size 
of individual particles, will be used for the minimum diffusion path for the heterogeneous 
system.
As in Case 1, the contaminant source will be assumed to be of finite size. A 
large contaminant source would obscure the effects of the mass transfer resistances by 
eliminating or reducing concentration gradients throughout the system.
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5.2.3 Case 3. Layered Soil System
Since many soil systems are formed by depositional processes, discrete layers of 
low and high permeability soils are often observed. In this system, the mass transfer 
resistance that limits the rate o f withdrawal of the contaminants is assumed to be a low 
permeability layer adjacent to a high permeability layer carrying the extraction fluid. If 
the contaminant source area is limited to a finite area near the origin, this system and 
Case 2 are identical in the one-dimensional model under consideration. For the purposes 
o f illustrating a more realistic system, however, the entire zone upgradient from the 
withdrawal well be assumed initially uniformly contaminated. In this case, therefore we 
will examine the rate of cleanup of a two layer aquifer system composed o f a high and 
low permeability layer. For purposes of illustration, a layer 10 m long with a 
characteristic vertical dimensions or diffusion thickness of 1 cm and 1 m will be 
assumed.
In each of the above systems, the soil in which the extracting fluid passes will be 
assumed to have the properties of a Louisiana silty sand that is currently being used in 
our laboratories for experiments on contaminant partitioning. This soil has a porosity 
of 40%, a water conductivity o f 0.1 cm/min, a mean particle size of the order of 0.1 
mm, a bulk density of 1.6 g/cm3 and an organic carbon content of 1%. During the 
extraction, water will be assumed to be moving under the action of a unit gradient, i.e. 
at 0 . 1  cm/min, octane will be assumed to be at an identical velocity, and air will be 
assumed to moving at 20 times that speed, 2 cm/min. Over the 10 m transport zone, this 
would require an applied pressure differential of approximately 1 atm for water and
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octane, and a vacuum of 0.5 atmosphere for air vacuum extraction. The relevant 
physical properties of the contaminants and solvents used in this study are reported in 
Table 5.1.
Table 5.1 Physical Properties o f Example Contaminants.
Property Benzene o-Xylene PCB
Water 
Dw (cm2/s)
1 . 2  x 1 0 - 5 8.9 x 10-6 7 x 10*
Km (L/L) 1 . 0 1 . 0 1 . 0
Kin, (L/L) 0.97 5.52 4900
Air, Km (L/L) 0.223 0 . 1 0 2 0.34
Octane, Km (L/L) 489 564 4.8 x 107
5.3 Model Solution
The model developed above is a hyperbolic system of partial differential 
equations. Although an analytical solution can be found for the linear source terms 
shown with simple boundary and initial conditions, no general solution is known for the 
nonlinear equivalent with arbitrary boundary and initial conditions. For generality, 
therefore, it was decided to solve the system numerically. The systems or cases 
currently under investigation are for quasi-steady diffusion, or linear mass transfer 
models. The solution methods were selected, however, to allow later investigation of 
nonlinear and fully transient source terms. Since the system is hyperbolic, the numerical 
method o f lines is especially convenient for their solution and can be thought of as a 
semi-analytical solution since it involves expression of the partial differential equations 
as a system of ordinary differential equations along their characteristics. To determine
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the basic character of the solutions, however, without resorting to a numerical method, 
the method of moments (Aris, 1956) was also used to solve the model equations. The 
approach used was similar to that of Reible et al. [1983] in which the similar problem 
of advection and mass transfer in a multi-layered atmosphere was solved. Both solution 
methods are discussed below, starting with the method o f moments.
5.3.1 Method of Moments
The method of moments was first used by Aris [1956] to solve the Taylor 
dispersion (advection/diffusion) problem. More recently, Goltz and Roberts [1987] 
employed the method to examine three-dimensional diffusion limited solute transport in 
the subsurface. The current solution by the method of moments follows that of Goltz and 
Roberts but focuses on the in-situ remediation. In addition, the analytical solution of 
Goltz and Roberts is for an instantaneous point source whereas here the solution subject 
to an arbitrary initial condition is analyzed. Finally, Goltz and Roberts did not attempt 
to link their parameter values to field observations or conditions. Initial efforts in that 
direction will be attempted herein.
The moments of the concentration distribution in the mobile and immobile phase 
can be defined in a manner analogous to Goltz and Roberts [1987],
where Mj represents the j-th moment in the mobile phase and Nj represents the j-th 
moment in the immobile phase. Generally the normalized moments are of interest, being 
defined as
(8)
The normalized zeroth moment indicates the fraction of the mass present in that phase 
as a function of time. The first normalized moment defines the location of the center of 
mass and the derivative of the first normalized moment with time defines the effective 
velocity of the contaminants in the phase. For the mobile phase, the effective velocity 
is given by
V  d ° )
eff~ a t
The effective spread of the contaminant concentration profile is equal to the second
normalized moment minus the square of the center of the mass, or, for the mobile phase,
(11)
and the effective dispersion coefficient of the concentration profile is then given by
D = 1 ^  (12)
™ 2  dx
again, for the mobile phase. Similar equations can be derived for the immobile phase 
although the concentrations and moments of the concentration distribution in the mobile 
phase are generally of more interest except in defining the end point of the extraction.
Equations for these moments can be derived by multiplying the system governing 
equations by powers o f 77 and integrating subject to vanishing concentration infinitely far 
from the source. These equations can be solved subject to the arbitrary initial conditions
Appendix B. Instead we will present here only the long time behavior of the moment 
solution. For r >  >  1 /(1+ A) or
the fraction of the contaminant that resides in the mobile phase is given by A /(l+ A ), 
or,
For a contaminant that sorbs strongly to the immobile phase, such as PCBs, this equation 
suggests that the fraction in the mobile phase goes to zero at long times. Similarly, the 
time derivative of the first moment, which defines the effective velocity of the center of 
mass of contaminant, is given by A /(l+ A ), or, in dimensional form
(13)
to define the moments as a function o f time.




Note that if  the stagnant film fluid is the same as the extraction fluid as in the case of 
groundwater extraction, 1 ^ = 1 , and equations (15) and (16) contain the normal definition 
of the retardation factor. That is, the effective retardation of the mass transfer limited 
contaminant is identical to that of a contaminant which is in local equilibrium with its 
surroundings. This result was also observed by Goltz and Roberts [1987] for the less 
general case of a pulse initial condition. This result is only true, however, at long times 
or distances from the source, i.e. equation (14) must be valid.
Although no axial diffusion or dispersion is assumed in the model, the delayed 
transport between the immobile and mobile phases results in an effective dispersion. The 
second central moment defines this dispersion but the solution for this moment subject 
to arbitrary initial conditions is too lengthy to present here. The effective dispersion 
coefficient can be simplified, at long times and in dimensional form to
Note that in the general case, both the effective velocity and the effective 
dispersion depends not only on the rate of mass transfer but on the equilibrium partition 
coefficient between the immobile and mobile phases and the resisting diffusion film.
D = — - — —  
“  (1+A)3 «
(17)
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This phenomena is associated with the fact that regardless of the diffusion resistance of 
a thin film, its capacity for the contaminant will be small compared to the capacity of the 
adjacent fluids if  Km and >  >  1. Thus, the time required to achieve local equilibrium 
can be large even for very thin films.
These partition coefficients would only be unity if  the stagnant zone is composed 
of contaminated fluid with the same fluid employed as the extraction phase. For 
example, the effective dispersion coefficient o f a dissolved contaminant in zones of 
unflushed water of characteristic size 8 using water as the extraction fluid, is given by
r> _ [pfcV ]26
“ = pTT (18)aDwe( 1+-^ )3 
e
5.3.2 Method of Characteristics
The two partial differential equations that govern the system are hyperbolic and 
conveniently solved via the method of characteristics. In particular, along the 
characteristics, the equations become
—  = -Aq+ BC  along —  = 0
dx dx (19)
—  = - DC + Eq along ^  = 1
dx dx
i.e. two coupled ordinary differential equations that can be easily solved via a variety of
methods. Perhaps the simplest way to solve the system of equations is to discretize the
ordinary differential equation and generate a solution on a grid that grows along the
characteristics. Reible et al. [1983] discuss a simple implementation o f a suitable
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algorithm. It involves recognizing that the initial conditions for a nodal point (r},r) come 
from the point (t),t-at) for the immobile phase equation and from the point (rj-At] ,t-at) 
for the mobile phase equation. The differential equation propagating along each 
characteristic can be discretized in a number of different ways including the very simple 
forward Euler approach. Using this method, there is no difficulty in incorporating a 
nonlinear relationship between the phase concentrations and mass transfer rate. The 
method can also be used with arbitrary initial conditions without modification.
5.4 Discussion of Results
Results G f simulations pertaining to the three cases of mass transfer limitations are 
discussed in this section.
5.4.1 Homogeneous Soil with Microscale Resistances
The first case investigated was the homogeneous soil with pore scale or smaller 
diffusion resistances. This case represents the minimum mass transfer resistances that 
might be encountered. In order to best illustrate the effect of these (minimal) resistances, 
a finite pulse source of contaminants is assumed. This corresponds to passage of the 
extracting fluid over a small zone of contaminant source.
The mobile phase concentrations resulting from a pulse o f contaminant introduced 
into the system at an arbitrary origin is shown in fig. 5.3. This figure shows the method 
of characteristics numerical solution for benzene concentration profiles at different times 
as a result of water extraction. The curves are shown in dimensionless form and thus 
apply to an arbitrary diffusion path mass transfer resistance. Initially, the concentration 
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Fig. 5.3 Concentration Profile at Various Times for Benzene with 
Water as the Extraction Fluid, in Dimensional Coordinates.
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a result of mass transfer into the immobile soil phase, however, the concentration profile 
takes on a bimodal shape. The leading concentration peak is associated with material that 
has not been sorbed onto the immobile phase. The much broader and lower 
concentration trailing peak is associated with sorbed material that is now desorbing back 
into the mobile phase. Even though there is no mechanical dispersion in the system, 
significant dispersion in the concentration profile is noted as a result of the time delays 
associated with the mass transfer between the two phases. Note that even though 
benzene is a relatively soluble organic, the leading unsorbed peak is eliminated very 
rapidly. In addition, note that the velocity of the primary peak is equal to the velocity 
of the extracting phase (i.e. unity in dimensionless coordinates). The velocity of the 
sorption-desorption induced secondary peak, however, is retarded. The movement of the 
peak concentration for r > 5  is approximately atj= 0.4 for at= 1. Thus the retardation 
factor of the secondary peak is 0.4 in dimensionless coordinates.
The relation of the results plotted in Figure 5.3 to the field requires specification 
of the scaling factor for the dimensionless time and distance. If  the source of the mass 
transfer resistances is assumed to be a thin immobile water film approximately 1 0  
microns in thickness around individual soil particles, rj— 1.9 /zm and r  =  0.1 s. If the 
source of the mass transfer resistances is assumed to be intraparticle diffusion with a 
characteristic length scale of order 100 jum, then the corresponding scales are 19 /xm and
1.1 sec if  sorption-induced retardation is neglected. Thus, the assumption of local 
equilibrium appears to be valid for this system. At the other extreme, however, if octane 
is used to remove a hydrophobic contaminant such as PCB that is initially equilibrated
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in a soil-water system, the capacity of the water film severely limits the rate of 
equilibration between the soil and the extracting octane, 17 =  100 m and r  =  2500 hours 
for this case as a result of slow leaching of PCBs from the soil particle through a 
covering water film only 10 thick. Clearly local equilibrium is a very poor 
assumption in such a system. Because an immobile water film is the primary resistance 
to mass transfer in this model, extraction by the more compatible solvents air or water 
results in much faster equilibration than extraction by the incompatible solvent octane. 
This is a clear indication that the previously described laboratory observation of slowed 
dye partitioning in a residually wetted soil could be due to the mass transfer resistance 
of a thin film of water on the soil surface. A summary of the characteristic time scales 
for each chemical in each solvent for diffusive length of 10 fim  and 1 cm (Case 2) is 
shown in Table 5.2. In all cases, an unretarded water diffusivity is assumed to 
characterize the diffusion coefficient.
The resistance posed by a thin water film between a mobile fluid phase and a 
sorbing solid phase can be further quantified and understood by examination of the 
method of moments solution. Equation (14) indicates the time required to achieve quasi­
steady movement of the contaminant in the extraction phase. If  Km is of order 1, which 
would be appropriate for water and air as an extracting phase, then as the partition 
coefficient between the immobile phase and the thin water film goes to infinity, the 
characteristic time approaches 5/aDw. If, however, both Km and Kim go to infinity, due 
to the lack of partitioning into the water film from either of the phases, the characteristic 
time also goes to infinity. Because of the bimodal concentration distribution that
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develops in the mobile phase as a result of the separate rates of transport of the sorbing 
and nonsorbing material, the dispersion or effective dispersion coefficient of the 
concentration is o f limited usefulness. Since an advection/dispersion model is universally 
used to model the data, however, it is appropriate to determine values o f these 
parameters that best fit the data. Since the leading peak associated with the unsorbed 
contaminant is moving at the velocity of the extraction phase and the trailing peak 
associated with the adsorption/desorption process is moving at a much slower retarded 
velocity, the velocity of the center of mass initially grows very quickly with time. 
Because the leading peak is eventually eliminated, however, due to sorption onto the 
immobile phase, the effective velocity ultimately approaches a constant given by equation 
(16). The effective velocity for water as the extraction fluid and each of the 
contaminants is shown as a function of dimensionless time in Fig. 5.4.
Table 5.2 Characteristic Time Scales for Diffusion Limited Transport 
(Assuming No Sorption Related Retardation in Film Phase)
Case/Solvent Benzene o-Xylene PCB
Case 1, 5=10^m
Water 0.11 sec 0.15 sec 0.19 sec
Air 0.025 sec 0.015 sec 0.065 sec
Octane 0.91 min 1.41 min 2540 hr
Case 2, 5=1 cm
Water 3.3 days 4.4 days 5.6 days
Air 0.73 days 0.45 days 1.9 days
Octane 4.4 yr 6.8 yr 73880 yr
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Because of the initial separation of the leading and trailing peaks, the dispersion 
and the effective dispersion coefficient grows quickly with time. The dispersion at long 
time, however, is only equal to the dispersion of the trailing peak. This behavior is 
shown in Fig. 5.5, in which the dispersion coefficient is calculated from equation (12) 
and the method of moments solution. The constant dispersion coefficient reached at long 
times is given by equation (17). As shown in Fig. 5.5, the effective dispersion 
coefficient can go negative for strongly hydrophobic compounds in which a large spread 
between the leading and trailing peaks is observed. Clearly, the effective dispersion 
resulting from the mass transfer limitations is not adequately described by an 
advection/dispersion model with a constant or even monotonically increasing positive 
dispersion coefficient.
5.4.2 Heterogeneous Soil with Macroscale Resistances
Although the limited rate of mass transfer between the mobile and immobile 
phases significantly influenced the initial behavior of the contaminants, these effects were 
observed only over short distances or times from the source area if either water or air 
is used as the extraction fluid. The above case represents, however, the near ideal case 
when any stagnant fluid or dead zones are at the pore or smaller scale and when the 
effective diffusion coefficient in the film resistance is unretarded by sorption or 
tortuosity. In all realistic field situations, permeability variations that could lead to 
poorly flushed or dead zones are likely to occur over much larger scales. In this section, 
then, the question is what size stagnant regions significantly influence observed 
macroscale behavior, e.g. flushing times? For purposes of illustration, we will neglect
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mass transfer limitations at the site of contamination. Soil conditions are assumed as for 
case 1 except that the characteristic diffusion distance through stagnant zones will be 
assumed to be 1 or 100 cm rather than 0.001 to 0.01 cm. In general, these field scale 
heterogeneities are unlikely to be perfectly impermeable or under quasi-steady transport 
conditions as they are assumed here.
With a one meter diffusion distance characterizing the mass transfer limitations, 
the characteristic time for mass transfer between the mobile and immobile phases is of 
the order of 90 years. In this calculation, based on the method o f moments solution, the 
area per unit volume was assumed equal to the inverse of the "film" thickness. In 
addition, the diffusivity was corrected for porosity and tortuosity since the film thickness 
is now many particle diameters thick. With water, 1 ^ = 1 , and therefore the 
dimensionless time units are approximately given by
Thus if  the characteristic film thickness is only 1 cm rather than 100 cm, the 
characteristic time scale will decrease by four orders of magnitude. For benzene being 
extracted from a stagnant water phase by water, the characteristic time for contaminant 
movement across this 1 cm "film" is 3.3 days. This is the approximate time required 
before the effective velocity of the benzene would equal the effective velocity calculated 
assuming local equilibrium. While slow, this time poses minimal complications to a field 
extraction system. As the diffusive film thickness increases, however,the time required 
to achieve quasi-steady conditions rapidly becomes prohibitive. A contaminant desorbing
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from the immobile phase could not be effectively removed by in-situ extractive 
techniques. It should be pointed out, however, that contaminants initially within the 
mobile phase, perhaps at short times after a spill or leak, would be very effectively 
removed by extraction since the characteristic time would then represent the time until 
retardation associated with sorption would begin to occur. Table 5.2 includes 
characteristic times for each contaminant for each solvent with a diffusion path length of 
1 cm.
The mode predicted behavior at the extraction well can be seen more clearly with 
the numerical model. Fig. 5.6 shows the water extraction of benzene from a medium 
with a diffusive path length o f 1 cm. The travel distance form the contaminated source 
area to the withdrawal well is 10m as in previous examples. Since the mobile and 
immobile phases were assumed equilibrated at the source, some of the benzene initially 
in the mobile phase is never sorbed into the immobile phase. Thus an unretarded wave 
of benzene is initially observed at the withdrawal well. This concentration is 
subsequently replaced, however, by lower concentrations that initially increase and then 
decrease once more in response to the passage of the secondary concentration peak.
5.4.3 Layered Soil
Both of the preceding examples considered a pulse of contaminant introduced at 
the origin. Although this allowed identification of the mass transfer resistance related 
phenomena more easily, only rarely will a field extraction system behave in this manner. 
To address the behavior or a more realistic extraction system, a layered soil example in 
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Fig. 5.7 shows typical results in a dimensional concentration versus time curve, 
again for the case of benzene being extracted by water as in conventional pump and treat 
systems. In the figure, the diffusive path was assumed to be 1 cm. The benzene initially 
in the upper layer rapidly leached from the system, requiring approximately 7 days. The 
long tail of benzene that remains is the result o f benzene transported from the 
impermeable layer through the 1 cm diffusion distance. Even in this relatively 
unhindered system, without dispersion, and with only minimal diffusion resistances and 
very little sorption, approximately 10 pore volumes are required to remove the benzene 
to a concentration of 10% of its original level. The more sorbing xylene, however, 
stillexhibits a concentration 70% of its initial concentration after the same time with a 
slow decrease equivalent to a half life of about 150 days.
Finally, the strongly sorbed PCBs were observed to exhibit a concentration about 
two-third of their original concentration for an essentially infinite time. Of course, a 
longer diffusion path required correspondingly longer times, increasing with the square 
o f the diffusion distance. Clearly, a contaminated low permeability soil layer can pose 
significant mass transfer limitations on the effectiveness of an in-situ extraction system.
5.5 Sum m ary and Conclusions
In this paper a simple model of mass transfer limited in-situ solvent extraction was 
developed and applied to a number of realistic physical situations. It was shown that 
pore level or intraparticle mass transfer resistances were generally too small to limit the 
approach to equilibrium in a porous media. This was not true, however, for hydrophobic 
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Fig. 5 .7  Dimensional Benzene Concentration at the Extraction well 
for Case 3 at 10 m from the Origin as a Function o f Time. 
Extraction Fluid is Water and Film Thickness is 1 cm.
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phase from sorption sites on the solid phase. The long time required for equilibration 
between a nonaqueous phase and soil in a water wetted media probably explains the 
laboratory observation of more rapid dye sorption in a dry soil column.
Diffusive mass transfer limitations can delay the achievement of steady state 
retardation velocities during the extraction process although the ultimate steady sate is 
identical to that achieved in the presence of local equilibrium. Because of the delayed 
transport between phases, dispersion in the concentration profiles was observed despite 
neglect of mechanical dispersion in the model. Because of the bimodal nature of the 
concentration profile associated with sorbed versus nonsorbed material, however, the 
effective dispersion coefficient was not constant at short times and with PCBs were 
sometimes negative.
Unlike microscale resistances, the mass transfer resistances associated with 
diffusion path lengths appropriate for field scale heterogeneities of 1 to 100 cm always 
led to significant influences typically of interest. The larger path lengths led to extremely 
long diffusion times. The transient model is not generally valid for these long diffusion 
times, however, because of the assumption of quasi-steady transport between mobile and 
immobile zones. A more complete model with transient and nonlinear source terms can 
be accommodated within the solution structure of the model.
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Chapter 6 
SUMMARY AND CONCLUSIONS
Due to the importance of our groundwater resource, its contamination due to 
accidental spills and leaks o f sparingly soluble organic contaminants has become o f great 
concern. Upon such accidental release of the contaminant it is required to know the 
extent o f contamination in order to design the cleanup processes. The knowledge o f the 
region o f contamination is also useful in assessing the potential danger to the nearby 
population.
6.1 Summary
In this research one- and two-dimensional unsaturated infiltration into a residually 
water saturated aquifer having a shallow water table was modeled. Modelling was done 
using laboratory-based hydraulic parameters and sharp front type infiltration. The effect 
o f temperature variation and hysteresis was ignored.
The NAPL infiltration experiments carried out in the one and two-dimensional 
subsurface geometries showed that the NAPL saturation behind the advancing front was 
approximately uniform and that the residual water was not dislodged by the infiltrating 
organic. This inference was also verified using a gamma-ray attenuation system (Reible 
et al., 1990) which measured the volumetric content of the NAPL within the 
contaminated zone. Based on these conclusions a sharp front analytical (one-dimensional) 




First, an analytical one-dimensional NAPL infiltration model was developed. The 
simple model was in good agreement with the experimental observations for various 
chemicals. The sensitivity analysis indicated strong dependence on the conductivity 
variations and very mild dependence on the capillary suction variation. The model is 
valid for infiltration while away from the water table. The encouraging results o f the 
one-dimensional infiltration investigation prompted further investigation in the two- 
dimensional flow.
Experimental investigation o f the NAPL infiltration in a two-dimensional flume 
was carried out. The setup was designed to produce isotropic and homogeneous or 
heterogeneous aquifer with a shallow water table. Interaction of the NAPL plume with 
the horizontal and sloping watertable was also investigated. Based on the experiments 
it was concluded that during infiltration the NAPL plume has a sharp boundary, its 
saturation within the infiltrating plume is constant but not total. In two-dimensional 
experiments the organic saturation was found to have a small, but negligible decrease 
during infiltration (Table 3.4). This saturation was calculated by using a material balance 
on the infiltrated NAPL.
A simple model o f mass transfer limited in-situ solvent extraction was developed 
and applied to a number of realistic physical situation. It was shown that pore level 
intraparticle mass transfer resistances were generally too small to limit the approach to 
equilibrium in a porous medium. The mass transfer from immobile to mobile zones was 
considered at various physical scales. As a result of this investigation a Method of
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Moment and a Method of Characteristics models were developed. The investigation was 
purely theoretical.
6.2 Conclusions
The laboratory and numerical experiments indicated that permeability of the 
porous medium is the primary parameter controlling the NAPL infiltration. Other 
parameters were the density, viscosity and capillary suction of the NAPL. The capillary 
suction is effective for only a short time or distance from the contaminant source.
The system of NAPL infiltration and its subsequent interaction with watertable 
was modeled using a Boundary Element Model. As the name suggests, the BEM has the 
capability of limiting the solution to its boundary nodes only. It is a very useful 
modelling tool for such type of problems, widely known as moving boundary problems, 
where boundary of the domain is of prime concern. Its efficiency was enhanced with the 
use o f an adaptive grid scheme which increased accuracy while allowing the use of less 
nodes and larger time increments.
The BEM model applied to organic infiltration in the subsurface has the advantage 
of a good balance between its capability and simplicity. As was shown in chapter 5, it 
can be applied with great success to various subsurface situations encountered. This 
research provides the middle ground in NAPL infiltration modelling, between the models 
having gross assumptions and those requiring a detailed description of the subsurface 
geology and hydrologic properties.
While the advantages o f the BEM formulation are significant, there are several 
disadvantages. The most important being that in case of highly heterogeneous medium 
its computational advantage over the finite element method is lost.
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Appendix A
INFILTRATION OF IMMISCIBLE CONTAMINANTS IN THE 
UNSATURATED ZONE
This paper published in Ground Water (vol. 28, no. 5, pp. 685-692) describes the 
laboratory column experiments examining the infiltration of the water immiscible 
organics. These experiments were used to develop and validate the simple models of the 
infiltration process.
The presence of a nonaqueous liquid phase in the subsurface often controls the 
rate an magnitude of ground-water contamination. In addition, remediation efforts that 
do not directly address the nonaqueous phase material are unlikely to provide cost- 
effective or timely solutions to the ground-water contamination risk. Practical modeling 
tools that describe the fate and transport of a separate contaminant phase are described. 
Simple models such as those described are appropriate for regulatory development and 
preliminary site assessment and remediation planning.
The current work is focused on the one-dimensional infiltration o f a nonaqueous 
phase liquid through an unsaturated zone initially at residual water saturation. 
Laboratory experiments examining the infiltration of the water immiscible organics, 
automatic transmission fluid and isooctane, were used to develop and validate the simple 
models of the infiltration process. The models described herein are applicable to large 
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Infiltration of Immiscible Contaminants 
in the Unsaturated Zone
by D anny D. Reible4, T issa  H. lllangasekareb, Dharm esh V. D osh i1, and Mark E. Malhiet4
Introduction
O rganic and  o th e r chem ical w astes applied to the  soil 
th rough  leaks o f  u nderg round  storage tanks, surface spills, 
o r landfill o pera tions  are typically  only sparingly soluble in 
w ater a nd  therefo re  often rem ain  as a  separate  liquid phase 
som e d istance o r  tim e from  the initial source o f contam ina­
tion. T he  separated  phase m aterial m ay exist as either a 
con tinuous bulk  phase o r  as d iscontinuous pockets of 
“ residual” m ateria l. A lthough  the direct h um an  exposure to 
the n o n aqueous phase liquid (N A PL ) is generally m inim al, 
the persistence o f  the  N A P L  hinders cleanup efforts and 
provides a  long-term  source o f con tam ination  in to  the 
g round  w a ter th ro u g h  leaching o f the m ore soluble com po­
nents. T hese p roblem s suggest th a t effective con tro l of 
g round-w ater co n tam ination  o ften requires assessment and 
rem ediation  o f m ultiple fluid phases.
G uid ing  any  assessm ent and rem ediation  efforts are 
field d a ta  and  m odels fo r the in te rp reta tion  o f that data.
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U nfortunately , neither a re  widely available for separated 
phase con tam inan ts. Site and  contam inant characteriza­
tions rem ain  largely focused on  assessing dilute aqueous 
phase con tam ination , and a  standardized sam pling protocol 
fo r nonaqueous phase con tam ination  is not yet available. 
C urren t problem s include well location selection based 
upo n  the  g round-w ater gradient ra ther than  the separated 
phase plum e m ovem ent (EPA , 1986), differences in the 
dep th  o f  the  nonaqueous phase liquid between well and 
fo rm ation  due to  capillary forces (Schiegg, 1984), and the 
difficulties o f sam pling fo r a discontinuous residual of 
separate  phase con tam inan ts. A  discontinuous residual typ­
ically constitu tes a  significant fraction of the originally 
spilled, leaked, o r deposited m aterial (Wilson and C onrad , 
1984).
M odels fo r the in terp reta tion  and extension of field 
d a ta  are also largely unavailable. Several models have been 
reported  in the  research literature, fo r exam ple those of 
Faust (1985), B aehr and  C orapcioglu  (1984), A briola and 
P inder (1985), O sborne an d  Sykes (1986), and K appusam v 
et al. (1987). These m odels a re  based on  concepts currently 
used to  describe petroleum  reservoir behavior, despite the 
d ifferent goals and  needs fo r m odeling near-surface, local­
ized co n tam in an t m ovement. In  the existing models, one or 
m ore species conservation equations are generally solved to 
determ ine spatia l and tem pora l variation of the phase sa tu ­
ra tions (occupied fraction  o f the void volume). Each  fluid
Reprinted from the Septem ber-October 1990, Volume 28, Num ber 5 issue of G round Water 585
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p h as e  is co n s id e red  a c o n t in u u m ,  a n d  the var ious  tluid 
p hases  a re  linked  th r o u g h  relative permeabil it ies  and  cap i l ­
lary p ressures  u  h ich,  in t u r n ,  d e p e n d  o n  phase  sa tu ra t io n s .  
These  p a r a m e te r s  exhib it  h is to ry  de p e n d e n t  s a tu ra t io n  h \ s -  
l e r c M s .  a laet th a t  is o f te n  neglected in the m ode ls  lo r  
sim pl ic i ty . A ir  in th e  p o re  spaces  is genera lly  as s u m ed  at 
a t m o s p h e r ic  p res sure ,  th a t  is. the a i r  m o v e m en t  is neglected. 
T h e  m o de ls  a re  al so  gene ra lly  limited  to  s imple  mass  
tr an sfe r  a n d  eq u i l ib r iu m  re la t ionsh ips  be tween phases  and  
p ro v id e  little g u id a n c e  for  th e  es t im a t io n  of the a p p r o p r i a te  
t h e r m o d y n a m ic  quant it ies .
As a result o f  the c o n f u s io n  over  su b su r fa ce  processes  
an d  limit ed  app l icab i l i ty  o f  availab le analysis  tools, reg u la ­
to ry  g r o u p s  have  te n ded  to  avoid  d ir ec t eva luation  o f  the 
se p a ra t e d  p h as e  s u b su r f a c e  c o n t a m i n a t io n  p rob le m. T h e  
g u id a nce  d o c u m e n t  for  g r o u n d - w a te r  c o n ta m in a t io n  inves­
tiga ti ons  p rovides  on ly  m in im a l  qua l i ta t ive  references to 
n o n a q u e o u s  p h as es  (F.PA, 1986). T h e  H a z a r d o u s  Waste 
R a n k i n g  S y s t e m  fo r  risk p r io r i t iz a t io n  at a b a n d o n e d  h a z ­
a r d o u s  w as te  sites d o es  n o t  explici tly  co n s ide r  s ep ara ted  
phases  i I P A .  19X2). Th is  is despit e  the  fact I hat independen t  
asses sm en ts  !«•( Mies such  as the H o o k e i  / O ccidenta l P e t r o ­
le um  sues  in N ia g a ra  Fal ls,  N ew  York have indicated  th a t 
th e  s e p a r a t e d  p h as e  c o n t a m i n a n t s  d o m i n a t e  the  po ten t ia l  
risk ( C o h e n  et al..  1987).
T h e  ob je c tive  o f  this research  is the d ev e lo p m en t  o f  
f u n d a m e n ta l ly  vaiid desc r ip t ions  o f  the  subsurface  m o v e ­
m e n t  and  m a ss  t r a n s fe r  processes  th a t c a n  be simpl ified  as 
necessary  to p ro v id e  useful g u id a n ce  in the d ev e lo p m en t  of  
regu la t ions  a n d  site c h a ra c te r iza t io n  a n d  rem edia t ion  p la n ­
ning.  T h e  c u r r e n t  w o r k  is focused  on  the  o ne -d im en s ion a l  
infi lt ra tion  o f  a n o n a q u e o u s  phase  liquid  th ro u g h  an  unsa i -  
u ra lcd  zone  ini tially at res idua l w a te r  sa tu ra t io n .  L a b o r a ­
tory  ex p e r im e n t s  o n  the  inf i lt ra tion  o f  th e  wate r  im miscible  
organ ics , a u t o m a t i c  t ran sm is s io n  fluid  a n d  isooctane ,  w ere  
used  to  d ev e lo p  a n d  val id a te  th e  s im ple  m ode ls  o f  the infil­
t r a t io n  process,  f lic m o d e ls  de sc r ibed  herein  are app l icab le  
to large spills w h e r e  the  infi lt ra tion  is essentially one-  
d im e n s io n a l  a n d  in f i l t ra t io n  is co n t ro l le d  by gravity  and  
capil la ry  forces. F o r  the pu rp o ses  o f  this  pape r  the soils will 
be a s su m ed  h o m o g e n e o u s  in o r d e r  to  dev e lo p  closed fo rm  
analy ti ca l so lu t i o n s  o f  the mode l.
Experimental Procedure
T h e  e x p e r im e n t s  were p e r fo rm e d  in a  185 cm  long, 6.35 
cm  (i.d.) glass  o r  plexiglass co lu m n .  T h e  ent ire a p p a r a tu s  is 
dep ic ted  in F ig u re  I. Key c o m p o n e n t s  o f  the ex p e r im en ta l  
a p p a r a tu s  inc luded:
1. A ir  rel ease system cons is t ing  o f  side holes in p lex i ­
glass c o l u m n  a n d  b o t t o m  tu b in g  in the glass co lum n.
2. A  c o n t a m i n a n t  “spill" feed system  for con tro ll ing  the 
vo lu m e  o f  app l ied  chemical.
3. C o n s t a n t - h e a d  ta n k s  for  use in perm eabil ity  and  
ca pil lary  rise m e asu rem en ts .
4. G a m m a  rav  a t t e n u a t io n  system fo rq u a n t i f y in g  fluid 
con ten t .
All e x p e r i m e n t s  desc r ibed  here  were co n d u c te d  in 
h o m o g e n e o u s  s a n d  c o lu m n s  to  avo id  th e  c o m p l ic a t io ns  o f  
m e d i u m  he te ro g en e i ty  in th e  m o d e l  d e v e lo p m e n t  an d  initial
test ing . T w o  fine sands  were employed with a m e an  part ic ic  
size o f  a b o u t  0.3 m m  and a uniformity  coefficient o f  a b o u t  2. 
T h e  in tr insic  pe rm eabil ity  of  the two sands  (b ased  u p o n  
w a te r  as the  f lowing fluid) were  2 1 and 39 g m \  T h e  p o ro s i ty  
oi th e  s an ds  was ap p ro x im a te ly  40'T and the bulk  d ens i ty  
was 1.6 g/ce.
Th e  c o l u m n  was filled with  sand by w i th d ra w in g  a 
m e d ia  111 led in ter io r  liner f rom  the column.  In this  m a n n e r ,  a 
cons is ten t  u n i fo rm  sand  pack  was ob ta in ed . T h e  san d  pack  
was  then  sa tu ra ted  with  dy ed  wate r and  al lowed  to  d r a m  
over  24 h ours  to  residual w a te rsa tu ra t io n .  In bo th  sands , the 
res id ua l w a te r  c o n te n t  was ab o u t  I Off o f  the to tal  v o lu m e  of  
s a n d  + voids.  T h e  w ate r  was dyed  to help  locale th e  ca pil lary  
fringe in the  san d  pack  and  to observe  d is p la cem ent,  if any, 
o f  the  res idua l w a te r  d u r in g  chemical inf iltration.
T h e  n o n a q u e o u s  phase  infi ltrat ion  ex pe r im en ts  were  
in i ti a ted  by “spil l ing” a kn o w n  vo lume o f  a d y ed  o rg an ic  
ch em ica l  on  the  sand  surface. Fart o f  this vo lu m e was first 
app l ied  to cause  an initial po n d in g  at the surface to a d ep th  
o f  5-10 cm . I he rem a in d e r  o f  the chemical v o lu m e  was  
ad d e d  al a rale equa l to the observed inf il tra tion so that  a 
c o n s t . ml-head  cond i t ion  could be realized lor some p e n o u  
o f  lime,  l - p o n  com ple te  appl ica t ion  of  the chemica l,  the 
p o n d in g  d e p t h  was allowed to  decrease, thus  realizing a 
fal ling-head  boundary ' ,  condi tion .  In this m a n n e r ,  bo th  
b o u n d a r y  cond i t ions  considered  in this w ork  co u ld  be e \a i -  
u a t ed  d u r in g  a single experimen t . By varying the initial 
p o n d e d  d e p th  and  the vo lu m e o f  chemica l,  the lime per iod  
d u r in g  w hich  each  b o u n d a r y  co n d i t io n  appl ied was varied. 
T h e  inf il tra tion o f  the chemical was observed  by t r a ck in g  the 
p e n e t r a t i o n  o f  the  dyed front.  No significant s o r p t io n  o f  the 
d vc  was note d  in the  residual lv water-wet ted  sand . Th e
SO IL COLUMN
Fig. 1. Depiction of experim ental apparatus indicating soil 
co lum n with air release tubes at the bottom , a chem ical feed 
con ta iner, and  constan t-head  reservoirs used in hydraulic 
conductivity m easurem ents.
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Infiltra ting  flu id  C onten t
Fig. 2. G am m a ray a tten u atio n  m easu rem en ts  of infiltrating 
fluid con ten t versus heigh t show ing sh arp  w etting front and 
drainage to residual satu ration  level.
volum e o f the spilled organic was varied between 200 and 
800 cc (sufficient to saturate  8.5 to  34% of the pore space in 
the sand colum n). The organic liquids used in the experi­
m ents were Type A autom atic  transm ission fluid and isooc­
tane. The autom atic  transm ission fluid and  isooctane are 
immiscible liquids o f high and low viscosity ( / i  =  14 and 0.42 
cP, respectively).
T he tendency for d isplacem ent o f the residual w ater 
and the characteristics o f the infiltrating front (sharpness, 
fingering) could be evaluated visually during  the experi­
m ents. A ir displaced by the infiltrating organic was allowed 
to  escape via tubes located near the b o ttom  o f the sand 
colum n reaching above the capillary fringe. S eparate  exper­
iments in a plexiglass colum n with a ir escape holes placed 
every 15 cm along the length o f the colum n indicated that 
bo th  air escape m ethods were equally effective.
Sand porosity  and residual w ater sa tu ration  were esti­
m ated via volum etric m easurem ents. The volum e o f w ater 
required to ju s t fill the sand bed was used to define the 
porosity  while the difference between the w ater introduced 
and the w ater removed during  drainage was used to  estim ate 
residual w ater saturation . T he capillary fringe a t the bottom  
o f the colum n was assum ed satu rated  and the rem ainder of 
the colum n was assum ed uniform ly satu rated  w ith w ater for 
this calculation. O rganic phase residual satu ration  was 
estim ated by relating the ultim ate depth  o f infiltration (as 
observed visually by dye concentration) to the volume infil­
tra ted . This p rocedu re  allow ed only average residual 
organic saturation  levels to be estim ated. The uniform ity of 
the residual satu rations of bo th  w ater and chem ical was 
verified during  each experim ent by gam m a ray a ttenuation  
as described below.
A gam m a ray a ttenuation  system was also used to 
quantify  the sharpness o f the infiltration and drainage fronts 
o f the organic liquid and to  determ ine any variations in 
initial w ater or residual organic saturations. The system
em ployed C esium  137 to  generate gam m a rays w hose a tten­
uation  upon passage th rough  the sand colum n, as m easured 
by the response o f  N al liquid scintillation detector, could be 
calibrated  to  determ ine liquid satu ration  levels. Instrum ent 
response to  a com pletely satu rated  and residually saturated 
layer o f sand was used to  calibrate for each experim ent. I n 
situ calibration  to  each experim ent in this m anner allowed a 
slightly m ore accurate m easurem ent o f sa tu ration  level than 
use o f a  separate  s tandard  cell to  check experim ent to 
experim ent variations. Since a single gam m a ray  source was 
used, only to ta l liquid satu ration  could be determ ined, 
and no differentiation  between w ater and organic was 
attem pted . G am m a ray a ttenuation  m easurem ents prior to 
soil wetting were used to check soil pack uniform ity. M ea­
surem ents after water-w etting but before application o f the 
organic chem ical were used to  determ ine w ater satu ration  
uniform ity. Finally, m easurem ents during  the organic infil­
tra tio n  experim ents were used to  determ ine organic phase 
satu ration  a t and behind the wetting front and in the zone 
residually saturated with organic.
Presentation and D iscussion  of Results 
Experimental Observations
Visual observations during  infiltration experim ents 
indicated that the organic wetting front is distinctly sharp 
and horizontal. This can be seen clearly in Figure 2, in which 
the gam m a ray a ttenuation  due to an infiltrating liquid is 
depicted. P rio r to  arrival o f  the liquid a t the detection point, 
the gam m a ray a ttenuation  by the residual w ater is small as 
indicated by the large response o f the liquid scintillation 
detector. A  very sharp  decrease in response is noted with the 
infiltra tion  o f the oil to  the level o f  the detector. The 
response o f the detector is then seen to  rem ain essentially 
constan t until the satu rated  plug of infiltrating liquid passes 
and the porous m edia begins to  drain.
A lthough capillary forces must con tro l the initial rate 
o f  infiltration, the porc-sizc d istribution  in the sand was 
sufficiently narrow  to avoid significant fingering o f the infil­
tra tin g  phase. In  a  m ore heterogeneous soil, the organic 
w etting front would presum ably be less distinct.
D uring  the infiltration o f the immiscible organics, 
essentially no m ovem ent o f the dyed residual w ater was 
observed. T he ability to  displace one liquid w ith another in a 
porous m edium  is inversely related to the interfacial tension 
between the two liquids. Since immiscible hydrocarbon 
fluids tend to exhib it high interfacial tensions with w ater 
(ab o u t 50 dynes/cm ), little w ater displacem ent should be 
expected.
A fter com plete infiltration o f the immiscible organic, a 
d rainage front appeared that was m ore diffuse than  the 
wetting front preceding the infiltration but still sufficiently 
sharp  to be distinguished. This is also shown in Figure 2 by 
the rapid increase in gam m a ray detector response following 
passage o f the saturated  plug o f organic. N ote that the 
detecto r response never recovers to the level corresponding 
to  only residual w ater in the porous media. A residual 
organic sa tu ration  rem ains that is of the sam e m agnitude as 
the initial residual w ater satu ration . Both the residual water 
level and the residual organic level were abou t 10 ±  3% of
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the to ta l volume based on  volum etric m easurem ents. The 
residual w ater and organic levels were m easured  after w ait­
ing until no further drainage o f  the  rem aining fluid phase 
was noted. Significantly lengthening the w ailing tim e until 
m easurem ent o f the residual sa tu ration  revealed no  signifi­
cant increase in the drained chem ical.
Model Development
As indicated previously, there  exists a  need fo r simple 
m odeling tools that can be used to  describe the  infiltration of 
the organic liquids. The objective o f th e  m odeling was to 
define the simplest m odel that could pred ict the infiltration 
rate with time.
As the organic moves th rough  the soil pores, a  front 
will develop as a result o f the organic sa tu ra tin g  the pores 
w hich were originally partially filled w ith  w ater. Based on 
the visual observations and gam m a ray  a ttenuation  m ea­
surem ents during infiltration experim ents, it can be safely 
assum ed th a t this front is sharp. Behind this fron t the soil 
pores are assumed fully saturated  w ith the immiscible 
organic and the residual water. This a p p ro ach  is equivalent 
to  approxim ating  the location o f the actual dilTuse front 
with its average location.
Since the residual w ater does not appear to be dis­
placed by the infiltrating immiscible o rganic, the flow o f the 
w ater need not be considered explicitly. If the initial w ater 
sa tu ration  exceeded the residual sa tu ra tio n , for exam ple in 
the capillary fringe above a w ater tab le , som e w ater dis­
p lacem ent would be expected. T he m odel described here 
thus represents the m axim um  rate o f expected infiltration, 
th a t is, infiltration unhindered by excess w ater. A lterna­
tively, the model can be viewed as an a ttem p t to  predict 
infiltration in the upper portion  o f the  unsatu rated  zone 
where the soil is a t residual w ater satu ration .
In addition, the a ir is assum ed to  provide negligible 
resistance to  the organic infiltration  avoiding  explicit con­
sideration o f the flow o f that phase.
Since w ater and air flow are not considered, the organic 
in filtra tion  is governed by an  eq u a tio n  analogous to 
R ichard’s equation  for w ater infiltration  in the unsaturated  
zone. In one dim ension, this equation  takes the form .
3(-> 3 r J h ,----- [K(0)---]
<9t 3 z  3 z
( 1)
Here (-) is the volumetric content o f the organic phase, h is 
the head, p  and p  are the density and viscosity o f the organic, 
z is the vertical coordinate defined as positive dow nw ard, 
and K ( 0 )  is the conductivity o f the soil as a  function o f the 
fluid content. If the organic front is assum ed sharp, 0  and 
therefore K (0 )  rem ain constan t in the saturated  zone 
behind the front. Thus equation  (I) becom es, in the organic 
saturated region.
3 3 h .
—   = 0d z  d z ( 2 )
E quation  (2) suggests that the head gradient is constant with 
depth  o r, alternatively, the head varies linearly with depth  in 
the saturated plug of infiltrating organic, or
SINGLE CAPILLARY TUBE UODEL O P LKXAO FLO W  IN PO R O U S UEDHJU
Fig. 3. Analogy of sim ple m odel to  s ing le  capillary tu b e  flow.
<Jh I
—  =  —  [h (z r )  -  h (o ) ]  
3 z  zr
(3)
Here zr represents the dep th  o f p enetra tion  o f  the infiltrating 
saturated  organic plug. T he assum ption  o f a  sharp  front is 
equivalent to m odeling the p o ro u s  m edia  as a bundle of 
uniform  diam eter capillary tubes. Referring to  one o f these 
tubes as show n in F igure 3, the h ead  a t the ground  surface is
h (o ) =  h A +  H (t) (4)
where H (t) represents the tim e dep en d en t ponded dep th  at 
the surface, and  h A is the a tm ospheric  pressure head. The 
head at the leading edge o f the  in filtra ting  fron t is
h (zr) =  h A — hr — zr (5)
where hr is the effective cap illary  suction  a t the assum ed 
sharp  front. T he effective cap illary  suction  head , hr, lumps 
all the capillary suction  effects a t  the  diffusive fron t. This is 
equivalent to  the effective suction  in G reen-A m pt m odels of 
water infiltration in d ry  soils (G reen  and  A m pt, 1911). 
M orel-Seytoux and K hanji (1974) developed a  theoretical 
basis for the effective suction  d u rin g  w a ter infiltration  which 
they term ed an “effective capillary drive .” T he effective 
capillary suction  can  be ap p ro x im a ted  by the capillary rise 
height o f the fluid in the m edium  o r a  convenient m easure of 
same, for exam ple, the a ir en try  head.
(6 )
Here, h c, is the capillary rise height, and  h at is the a ir entry 
head. T he re lationship in eq u a tio n  (6) is exact and unam ­
biguous in a bundle o f un ifo rm  d iam eter capillary tubes or 
in a m edium  with a un ifo rm  p o re  size. In a m edium  with a 
wide pore-size d istribu tion , specification o f  an effective 
capillary rise height can be difficult. Because the residual 
w ater tends to preferentially w et the  soil, however, the fine 
pores in the m edium  tend to  be filled by w ater and are 
unavailable fo r the organic phase. T his effectively sharpens 
the pore-size d istribu tion  and  results in sharp  wetting and 
capillary rise fronts sim ilar to  those which might be 
observed in a uniform  sand. T his phenom enon  is shown in 
Figure 4 which depicts the cap illary  rise height o f isooctane 
in a dry and residually wet sandy  loam  soil.
Param eterization o f hr by eq uation  (6) requires that the 
effective capillary drive a t the  in filtra tion  front remains
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constan t. This in tu rn  requires th a t the satu ration  profile at 
the fro n t rem ains steady. G am m a ray a ttenuation  m ea­
surem ents suggested th a t this approx im ation  was valid until 
near the  e nd  o f the infiltration  experim ents w hen nearly  all 
o f  the  in filtra ting  organic was distributed  a t near residual 
sa tu ra tio n  levels.
U sing equations  (3)-(5), the D arcy  flux can  be w ritten
-  zr +  H +  hr 
q =  K [ -------------------- ] (7)
w here K [ =  K ( 8 0)] is the effective organic phase conductiv­
ity beh ind  th e  infiltra ting  fron t. 8 0 is the volum e frac tion  o f 
the  o rgan ic  phase behind the infiltrating front. N ote th a t 
du e  to  the  presence o f  the residual w ater.
80 = 8  — 8 », (8)
w here 8  is the porosity, and  8wr is the volum etric residual 
w ater content.





since the  volum e o f  infiltrating fluid fills only th a t p o rtio n  o f 
the  po re  spaces filled by the chem ical. C om bining equations 
(7) an d  (9) provides an o rd inary  differential eq u a tio n  
describing the  position o f the infiltrating fron t as a  function  




= K[ Zf+H + hf] ( 10)
T hree  conditions were considered, corresponding  to  
the  d ifferen t surface conditions em ployed du ring  an e x p er­
im ent: (1) con stan t ponding depth  o f Hi between times 0 and 
11; (2) d issipa ting  pond period between tim es ti and  t2; and
CAPILLARY RISE OF ISOOCTANE IN SOIL
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Fig. 4. G am m a ray a ttenuation  m easu rem en ts  of static  
iso o c tan e  volum etric c on ten t versus heigh t above  a  s a tu ­
ra ted  iso o c tan e  layer in a  dry and  residually w ater-w et 
san d y  loam  soil.
(3) drainage period corresponding to  to ta l infiltration  
between tim es t2 and tj.
The so lution o f  equation  (10) co rresponding  to  cond i­
tion  I is given by
0
l =  - r -  [z r — (Hi +  hr) In {
(Hi +  h r )
+  1 ) ]  ( I D
U nder the  second condition , to ta l m ass is assum ed 
conserved and  the  grow th o f the  o rganic  phase w ith in  the 
m edium  results in a  correspond ing  decrease in the  surface 
ponded dep th  a t the spill site. If H O  is taken  to  be th e  to ta l 
volum e o f the spill divided by the spill a rea  (i.e., the  initial 
ponded d ep th  o f chem ical if the entire spill occurred  instan­
taneously), conservation o f m ass can be expressed
H =  H O  -  8 o  zr ( 1 2 )
The solution to  equation  (10) for this case then  takes the 
form
: ti +  •
0 o
K(l - 8 o )
A In {
[ z r  -  z r ( t i )  
z r  +  A
z r ( t i )  +  A
)]
where
A =  ■
hr +  HO  
1 -  60
(13)
(M)
After to ta l infiltration o f  the spilled fluid, a drainage 
fron t appears in the soil. A lthough this fron t is less d istinct 
th an  the w etting front preceding the infiltra ting  fluid (see 
Figure 2), the  drainage fron t w as also assum ed to  be sharp  
for the purposes o f the m odel. T he location  o f the drainage 
fron t, o r back front, and the effective cap illary  suction  head 
at the drainage front are taken to  be Zb and  hb, respectively. 
Behind the drainage front a t Zb, the organic  con ten t fraction  
is assum ed constan t a t the residual level, 0 Or- C onservation 
of mass can be expressed
H O  =  8 o ( z r  — Zb) +  O o rZ b  (15)
Integrating equation  (10), in which hr m ust be replaced by 
the net effective suction head , hr — hb, the relationship  
between tim e and the infiltrating organic location  can  be 
written
0o r
t -  t 2 +  - r r -  [ z r  -  z r ( t j )  -
B  I n
zr  -  H O / B o r  +  B 
z r ( t j )  -  H O / B o r  +  B )]
where
Bor -  Bo L 
B =  --------------- (hr hb)
(16)
(17)
This equation  would hold from  the tim e o f zero ponding 
until the zone o f organic sa tu ration  was exhausted  due 10 
to ta l en trapm ent by capillary forces.
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As indicated  by  the  m ass balance, equation  (15), the 
deepest pen e tra tio n  o f  the  infiltrating  organic is given by the 
location w hen Zb — zr, o r  when
H O
©or (18)
w hich is sim ply  the  orig inal satu rated  height divided by the 
residual organic  fraction .
In reality , th e  m odel as described above breaks dow n 
before the  tim e o f to ta l en trapm en t by capillary forces. P rio r 
to  th a t  tim e, th e  assum ption  o f  a  con stan t wetting fro n t 
s a tu ration  profile  will begin to  break dow n  as the satu rated  
p lug height decreases. T he  satu ration  profile changes lead to  
a  decrease in  fro n t m obility  p rio r to  to ta l capillary exhaus­
tion. E xperim ents a re  underw ay to  define the penetration  
dep th  a t  w hich the  sa tu ra tio n  profile changes become signif­
ic a n t A s indicated  previously, the m odel is also inapplicable 
w hen the  in filtra tion  is significantly hindered by high-w ater 
sa tu ra tio n s  an d  therefo re  m obile w a ter in the unsatu rated  
zone. In  th e  analy tical fo rm  shown above, the m odel is also 
applicable on ly  to  hom ogeneous m edia. The m odel should  
be applicable  to  a  m ultilayered soil so long as the  soil 
perm eability  to  the  o rgan ic  phase decreases with depth. I f  an  
underlying layer exh ib its  a  perm eability greater th an  the  
overlying soil, fingering o f  the organic  would be expected 
and  the assu m p tio n  o f  a  sharp , un ifo rm  wetting front w ould 
b reak  dow n.
Comparison of Model and Experiment
T h e  p a ram eters  o f  th e  m odel described above include: 
K =  K (9 o )  =  effective conductivity  a t  organic phase frac­
tion, ©<>; hr =  effective capillary suction  head a t w etting 
front; hb =  effective capillary  suction head a t drainage fron t; 
and  ©or =  residual o rgan ic  phase content.
A lthough  these  param eters can  be used to  fit a lm ost 
any in filtra tion  profile , it is desired to  produce a  sim ple, 
physically based  m odel capable  o f predicting the infiltration  
o f a n  o rgan ic  phase. T hus each o f  these param eters w ere 
estim ated v ia  d irec t m easurem ents separate  from  the infil­
tra tio n  experim ents. T he  values o f these param eters are 
con ta ined  in  Table 1, and  the  estim ation  procedures are 
described below.
T h e  residual organic phase con ten t was abou t 10% as 
observed from  direct volum etric m easurem ents.
T he  effective cap illary  suction heads are approxim ated  
by the  effective capillary  rise heights o f  the organic phase in 
sand residually  sa tu rated  with w ater (hr) and sand residually 
sa tu rated  w ith  respect to  bo th  organics and  w ater (hb). In 
b o th  m easurem ents, the average capillary  rise height was 
estim ated w ith  th e  gam m a ray a ttenuation  system and veri­
fied visually w ith the level o f  liquid saturation.
T he effective m edium  conductivity  was inferred from  
the in trinsic  perm eability  o f  the m e d iu m ,«, with the follow­
ing form ula
K  <*> K  Kr (  0 o )
P g
(19)
w here icr ( 9 0) is the  relative perm eability  at the effective 
o rganic  phase fraction , 0„, density, p, and viscosity, p.
S ca lin g  th e  effective conductiv ity  w ith th e  m ed iu m ’s 
in trinsic perm eability  to  w ater neglects the double-layer 
phenom ena  th a t enhances the  permeability o f low dielectric 
co n stan t m aterials such  as the  nonpolar hydrocarbon liq­
uids investigated in this w ork. This effect is m ost p ro ­
nounced in  d ry  clays and its effect is minimized in w ater- 
w etted sands as used in this study (Schram m  et al., 1986).
D u e  to  the  presence o f  residual w ater in the pore  
spaces, th e  relative perm eability at the effective organic 
con ten t should  be less than  1. To determ ine the m agnitude 
o f  the  reduction , the  effective permeability was estim ated 
directly  from  the experim ents using an  optim ization m ethod 
(Powell’s M ethod  o f C onjugate Directions) to  produce a  
non linear least-squares fit between m odel and experim ents. 
F o r  th is purpose, the m odel was coded into a  F O R T R A N  
p ro g ram  th a t allowed specification o f a  constant-head 
period  o f  a rb itrary  length followed by falling head and 
d rainage periods. As shown in Table I, the best-fit relative 
perm eability  ranged between 29 and 38%.
A com m only  used m odel o f relative perm eability is 
th a t o f B rooks and C orey (1964) which predicts relative 
perm eabilities on  the  basis o f the relative proportions o f the 
w etting and  nonw etting fluid. In  ou r model o f  the infiltra­
tion , w ater wets the  soil surface and is immobile. T he 
o rgan ic  phase, which is m ore welting than  air, is then  the 
w etting fluid d uring  the infiltration. The Brooks and Corey 
co rre la tion  suggests th a t the relative permeability o f organic 
is then  a  function  o f the effective organic fraction, ©o,
= [
(0 o
( ©  -  © i r )
e ir) jP *3b )/b
(20)
H ere, ©i, is th e  irreducible organic fraction, © is the p o ros­
ity, and  b is a  grain-size distribution  param eter th a t varies 
fro m  a b o u t 2.8 in sand to  m ore than  10 in clays (C rosby et 
til., 1984). N ote th a t ©b is not ©0r, the initial residual organic 
con ten t th a t rem ains after infiltration o f the saturated  plug











K - p g /p  
(u m ) 2 (% )
Trans, flu id :
( *  — 38  ±  4  p m ‘ ) 10 7 U 12 32
Isooctane:
( k  =  38  ±  4  / i m  ) I0 5.5 8 15 39
( *  =  2 1 ± 2  f i m J) 10 8 10 7 33
Water:
( *  =  38  ±  4  p m : ) _ I I . 5 * 38 100
( k  — 21 ±  2 | i m ' ) — 15 18 21 100
• N ot measured.
© o r =  Volumetric content of residual organic phase, 
ht ~  Effective capillary suction head al wetting front,
hb =  Effective capillary suction head at drainage front.
K =  Effective conductivity.
Kr =  Relative permeability.
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Fig. 5. C om parison  of sh a rp  front m odel predictions with 
experim ental observations of au tom atic  transm ission  fluid 
Infiltration. D ifferences in th e  infiltration ra te  with tim e 
betw een experim ents is d u e  to  variations in dep th  and  du ra­
tion of su rface  ponding  of th e  infiltrating nonaqueous 
p hase  liquid.
o f chem ical. In  o u r experim ents, approxim ately  half o f the 
initial residual could be displaced by subsequent water- 
leaching experim ents under na tu ra l hydraulic gradients. 
W ith higher hydraulic gradients, presum ably even m ore of 
the residual organic could be removed.
If 0 i r is tak en  to  be 0%, 0  =  0 .4 ,0 O =  0.3 ( =  0  — 0 Wr), 
and b =  2.8, equation  (20) suggests th a t k , ~  0.34, in 
excellent agreem ent with the observed relative perm eabili­
ties. If the  residual after leaching under a  na tu ra l hydraulic 
gradient is used to  define the  irreducible residual ( 0 i r ■ 
0.05), the estim ated relative perm eability changes slightly to 
0.29, still in substan tia l agreem ent w ith the observed relative 
permeabilities.
U sing the  m easured effective capillary suctions and the 
predicted effective conductivity, excellent agreem ent was 
achieved between model predictions and  one-dim ensional 
colum n infiltra tion  rates o f the au tom atic  transm ission fluid 
and isooctane. The com parison  o f  the m odel predictions to 
three au tom atic  transm ission fluid experim ents are shown 
in Figure 5. These experim ents are identical except th a t a 
different initial spill volum e was em ployed in each. A com ­
parison o f  m odel predictions to  experim ents in isooctane 
can be found in Figure 6. These experim ents are identical 
except th a t they were conducted  in tw o different sands (the 
sands o f Table I).
The m odel predictions in Figures 5 and 6 use the 
m easured capillary rise heights and w ater intrinsic perm ea­
bility show n in Table 1. T he relative perm eability used in the 
model predictions was tha t suggested by Brooks and Corey 
(1964), assum ing that the organic irreducible residual was 
essentially zero (*r =  0.34). As indicated above, the agree­
m ent was essentially exact with the exception o f the isooc­
tane experim ents in the high-perm eability sand. In these 
experim ents, the predicted perm eability (the product o f the 
predicted relative perm eability and the measured intrinsic 
perm eability ) was ab o u t 10% low er th an  the best-fit
perm eability . T he  estim ated e rro r in the measurem ent of 
in trinsic perm eability  was abou t 10%, indicating that the 
d iscrepancy betw een m odel and best-fit effective perm eabil­
ity w as no t statistically significant.
Sum m ary and C on clusion s
T h e  goal o f  the research program  is the developm ent o f 
s im plified, physically based m odeling tools to assist in the 
developm ent o f regulations o r in the design o f rem ediation 
e fforts fo r m ultiphase subsurface contam ination. Prelimi­
nary  results indicate th a t such a  goal is feasible and w orthy 
o f  pu rsu ing  b o th  in the  labo ra to ry  and in the field. Specific 
conclusions to  d a te  include
® Sim ple sharp  front models that param eterize the 
capillary  p ressure  and  relative permeability relationships 
in to  effective coefficients can  describe the main features of 
the  unsa tu ra ted  zone infiltration behavior of nonaqueous 
phase liquids.
® Experim ents have indicated that infiltration of an 
im m iscible organic phase into an  initially residually water- 
s a tu rated  vadose zone can be predicted using only the spill 
volum e and  a rea , the intrinsic perm eability of the medium, 
the  residual an d  irreducible residual o f the infiltrating liquid 
in the  m edium , and  the  capillary rise height o f the infiltrat­
ing liquid in the m edium . T he ultim ate depth o f infiltration 
can  be estim ated from  only the initial volume and area o f the 
spill and  the  residual chem ical saturation  in the soil.
® T he  sim ple m odeling approach described herein 
shou ld  be applicable  to  vadose zone infiltration o f any 
n o n aq u eo u s phase th a t does no t disrupt the properties of 
the  soil m edium . Volatile chem ical infiltration also can be 
described , bu t the m odel is only applicable until vaporiza­
tio n  results in a  significant loss o f mass. In practice, the 
ap p ro ach  is lim ited to  essentially homogeneous, sandy soils 
in th a t fingering in and  a round  heterogeneities, chemical- 
m edia  in teractions (such as electrical interactions with clays) 
a re  n o t considered , and sharply  defined capillary pressure 
versus sa tu ration  behavior is assumed.
.  EXPT 030988 o  EXPT 050788
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Fig. 6. C om parison  of sh arp  front model predictions with 
experim en tal observations  of isooctane infiltration. Differ­
e n c e s  in th e  infiltration ra te  with tim e between experim ents 
is d u e  to  th e  u se  of different sands.
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Efforts arc  co n t in u in g  to  verify a n d  e x p a n d  these  c o n ­
c lusions  in o r d e r  to  p rov id e  a  d e s c r ip t io n  o f  m u l t ip h a se  
su bsu r fa ce  processes  a d e q u a te  to s u p p o r t  r e g u la to r y  p la n ­
ning  a n d  site assessm en t a n d  rem edia t io n .
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Appendix B
DERIVATION OF THE METHOD OF MOMENTS SOLUTIONS 
Rewriting the contaminant balance in the immobile phase in terms of non- 
dimensionalized variables, as shown in Chapter 5 (equations 4-6),
Note that A*D = B*E, and that A-f D is the steady state retardation factor.
This is a first-order hyperbolic partial differential equation system. In order to 
determine the basic character of the system behavior, method of moment is a very useful 
method of solution. It was first used by Aris [1956] and more recently by Goltz and 
Roberts [1987]. Goltz and Roberts [1987] provided the solution for an instantaneous 
point source whereas here the solution subject to an arbitrary initial condition is 
presented.
The moments of the concentration distribution in the mobile and immobile phase 
can be defined in a manner analogous to Goltz and Roberts [1987],
—  +Aq=BC 
dx
(1)
and, similarly, for the mobile phase,
(2)
Where the parameters A, B, D and E are defined as,




Mr l \ i c m( f\M r \
Nj = f \ jq(r],t)d x)
(4)
where Mj represents the j-th  moment in the mobile phase and Nj represents the j-th 
moment in the immobile phase. Generally the normalized moments are o f  interest, being 
defined as,
The normalized zeroth moment indicates the fraction o f the mass present in that phase 
as a function o f time. The first normalized moment defines the location o f the center of 
mass and the derivative o f the first normalized moment with time defines the effective 
velocity o f the conk minant in a given phase. For the mobile phase, the effective velocity 
is given by,
The effective spread o f the contaminant concentration profile is equal to the second 
normalized moment minus the square o f the center o f the mass, or, for the mobile phase,
(7)
and the effective dispersion coefficient o f the concentration profile is then given by,
again, for the mobile phase. Similar equations can be derived for the immobile phase 
although the concentrations and moments o f the concentration distribution in the mobile 
phase are generally o f more interest except in defining the end point o f the extraction.
Equations f, r  these moments can be derived by multiplying the system governing 
equations by powers o f 17 and integrating subject to vanishing concentration infinitely far 
from the source. These equations can be solved subject to the arbitrary initial conditions,
to define the moments as a function o f time.
B .l The Zeroth Moment




+AN0 = BM0 (10)
and, similarly, for the mobile phase,
dM0
+ DM0 = EN0 (11)
Here the fact that no contaminant in present in the mobile phase at plus and minus 
infinity was used in,
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f ~ — dr) = f°°dC = [C]"„ = 0 - 0 = 0  (12)
J 0 T1 ^
Equations (10,11) were solved simultaneously, by the method o f operators. The roots 
o f the characteristic equation were,
^ = 0  and \ 2 = -(A+D) (13)
The magnitude o f ihe second root being the retardation factor. After substituting the 
initial conditions (equation 9) for the zeroth moment in the general solutions and some 
algebraic manipulation, the final solutions were,
N0 = J - [ B M 00( l - e X*x) + N00( l +A e X*x)] (14)
l+A
and
M, = - — \E(BMa(, * W ) * (M00-£AT ) ^ ' ]  (15)
1 +A
It may be easily she wn that,
(16)
which implies that at any given time the combined amount o f the contaminant present in 
the mobile and immobile phases remains constant. When the contaminant is present only 
in the mobile or the immobile zone, equations (14) and (15) simplify a great deal.
B.2 The First Moment
After multiplying the model equations (1,2) with r? and integrating with respect 




and, similarly, for the mobile phase,
+ANX = BMX d 7)
   +DM. -M 0  = EJV, (18)rfr 1 0 1
H ere the fact that no contaminant in present in the mobile phase at plus and minus 
infinity was used in,
= f ”n dC = [r\C]:„-(°°Cdr\ = 0 - M o = -M0 (19)
J  — 00 J  — oo «/ —CO
Substitution o f N! from equation (17) into equation (18) and simplification results in a 
second order differential equation for M ,.
d 2M. dM. dM0
 i  +(A+D)---- 1 =  -+AMn (20)
dx2 dx dx 0
Then using equation (11) to simply the right hand side, and substituting the zeroth 
moments,
d 2M. dM. x ,
 1 + (A + D ) ---- 1 = G. + G~e 2
dx2 dx 1 2
where, Gl = y(M00A2+N00AE) and (21)
G2 = Y ( - M0>o +^ , o )
1
Y = -------1 +A
This was solved by the method o f particular solution. The roots o f the characteristic 
equation for the homogeneous part were,
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A.1=0 and X2 = -(A+D) (22)
which were the same as those obtained in the case o f the zeroth moment. The particular 
solution was found to be,
< « ,), = y i - j ( G 1-G 2e v ) (23)
Then the general solution for M, was substituted into equation (17) to obtain the general 
solution for Nx. After substituting the initial conditions (equation 9) for the first moment 
in the general solutions and a lot o f algebraic manipulation, the final solutions were,
1 E £ ( ! + /! )  ''° 1’°
+ [M«.» ( l ' A ) - 2N^  <24>E( 1 +A)J
E( 1 +A)
(Gj +AG2e v )
and
1 +A (1 (25)
+ T T I (Gi - g ^ v ) + M 1.0
When the contaminant is present only in the mobile or the immobile zone, equations (24) 
and (25) simplify a great deal.
B.3 The Second Moment
After multiplying the model equations (1,2) with rj2 and integrating with respect 
to i) gives, for the immobile phase,
and, similarly, for the mobile phase,
dM-
   + DM. -  2M. = EN , (27)dx  2  1 2
H ere the fact that no contaminant in present in the mobile phase at plus and minus 
infinity was used in,
f V — dr\ = f ”r)2dC  = [x\2C\“_„- f°°2r\CdT) = 0 - 2 M. = -2M, (28)
J  — CO J  — oo J  —00
These equations are similar in form  to equations (17) and (18) except that M0 has been 
replace by 2 M X. Thus same procedure was followed to obtain the solution.
After substituting the initial conditions (equation 9) for the first moment in the 
general solutions and a lot o f algebraic manipulation, the final solutions were,
Nt -  |  [P, -  A(MW - P l>ev  ♦ (1 + t ) G 7 ♦  t (2 + r )G a ^
+ ( l - A x ) G 9e X2'  + x ( 2 - A x ) G 10e hx -  2 M J
and
M , = P, » + t G ,  + t 2 G„ (3#)
+ xG9e X2T + x2Gl0e X2X
where:
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P, = Y (EN10 + AM20 + 2M1>0 -  G7 -  G9)
G3 = M1>0 + y (ENl>0-  Ml 0) ’ -  y*(NofiE(A - 1) -  2M0y l )
G4 = yGx
G 5 = " ^3
G6 = -y G 2 (31)
G7 = 2y2[AG2( l+ A )  + G4]
Gs = YAG4
G9 = -2 y 2[-G 5( l +v4) + AG6]
G10 = YG6
These equations are easy to program.
B.4 Effective Contaminant Velocity
By substituting equations (14), (15), (25) and (25) into equation (5) the 
expressions for the normalized first moments were obtained. Their differentiation 
according to equation (6 ) provided the expressions for the effective contaminant velocity 
in the mobile phase as,
n ® . " ~ i  t M» « V < V V ) + A2 (M 0 (G 5 * tG 6) ♦ (32)
M0
and for the immobile phase as,
-  G f i 2(2 + T(1 - ^ ) ) e V  
(EN0Y  (33)
* X2(AG,Mw  -  M ^ G ,) /- ' ]
B.5 Effective Dispersion Coefficient
The effective dispersion coefficient o f the contaminant in the mobile phase may 
be obtained by substituting equation (7) into equation (8 ), resulting in,
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D = 1 ^ 1  _ n (34)
,,n 2  dx  1 dx
The general expression is very complicated. However, the quantities on the right hand 
side could be easily evaluated from equations (30), (25), (15) and (32).
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